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Abstract 
Fabrication of Porous Carbon Nanofibers with Adjustable Pore Sizes and 
Their Composites as Electrodes for Supercapacitors 
Chau Duc Tran 
Supervisor: Vibha Kalra, Ph.D 
 
Porous carbon nanofibers have been fabricated via pyrolysis/carbonization of 
electrospun nanofiber mats of blends of polyacrylonitrile (PAN)/Nafion. While PAN 
serves as the carbon precursor, Nafion serves as a sacrificial polymer forming intra-
fiber pores within carbon nanofibers resulting in specific surface area of up to 1600 
m
2
 g
-1
. Porous CNFs were incorporated as freestanding electrodes in electric double 
layer capacitors (EDLCs) without any additive/binder. Electrochemical measurements 
show large specific capacitances of 210 F g
-1
 and 60 F cm
-3
 in 1 M H2SO4. We 
achieved an energy density of 4 Wh kg
−1
 at a high power density of 20 kW kg
−1
. The 
hierarchical pore structure in porous CNFs allowed faster diffusion kinetics resulting 
in high power. To further improve energy density, the samples were activated using 
potassium hydroxide (KOH) to increase specific surface area to over 2200 m
2
 g
-1
 and 
tested in ionic liquid electrolyte, 1-ethyl-3-methylimidazolium bis(trifluoromethane 
sufonyl)imide. The materials exhibit a specific capacitance of ~190 F g
-1
 with a 4 V 
voltage window resulting in an energy density of 75 Wh kg
-1
. In-operando 
spectroelectrochemistry studies were conducted in collaboration with Prof. Yossef 
Elabd to better understand the effect of activation on ion transport dynamics. 
To further enhance charge storage and volumetric performance, we 
incorporated pseudocapacitive polyanilene into porous CNFs with the aim to integrate 
the benefits of EDLCs (high power, cyclability) and pseudocapacitors (high energy 
density). By using galvanostatic electropolymerization, we achieved a thin conformal 
coating of polyaniline on porous CNFs. The combination of two different storage 
xiii 
 
 
 
 
mechanisms resulted in excellent specific capacitance of 365 F g
-1
, 140 F cm
-3
 and 1.7 
F cm
-2
.  
We integrated our experimental work with molecular dynamics (MD) 
simulations to understand the effect of elongational flow, a key characteristic of 
electrospinning, on assembly within phase separating polymer blends. This work was 
motivated by the successful prevention of phase separation within electrospun 
nanofibers of immiscible blends of Nafion and PAN, which enabled us to successfully 
develop porous carbon nanofibers. The MD results reveal that high elongational flow 
rate leads to prevention of phase separation and formation of a disordered morphology 
as also seen in our electrospun nanofibers.  
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CHAPTER 1: INTRODUCTION TO SUPERCAPACITORS 
 
 
Figure 1- Ragone plots of different energy storage devices. Reprinted by permission 
from Macmillan Publishers Ltd: Nature Materials [1], copyright 2008. 
 
Supercapactiors (also called electrochemical capacitors or ultracapacitors) are one of 
the most promising energy storage devices owing to their high power density, rapid 
charging/discharging ability, and long cycle life. The combination of these properties 
offers some distinct advantages compared to other energy storage devices, such as 
lithium ion battery and fuel cells. However, the low energy density is one of biggest 
drawbacks that limit the number of commercial applications. As seen in Figure 1, the 
typical energy density of supercapacitors is ~ 5 Wh/kg while the highly commercial 
lithium ion battery is ~ 180 Wh/kg. As the power energy density increases, the drop in 
energy density of supercapacitors is not as significant as in batteries (including 
lithium ion battery). As a result, supercapacitors can be applied in areas where high 
power capability is required, such as rapid acceleration or regenerative braking in 
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hybrid or electric vehicles. In the past decade, there has been great interest in 
developing new electrode materials possessing higher energy density while retaining 
power capability of supercapactiors [1-3]. 
 
 
Figure 2- Representation of an electrochemical double layer capacitor (in its charged 
state). Reprinted from [2], Copyright (2006) with permission from Elsevier. 
 
 
There are two categories of supercapacitors based on operating mechanism: 
elctrochemical double layer capacitors (EDLCs) and pseudocapacitors. Both types of 
devices are composed of an electrolyte containing separator sandwiched between two 
electrodes. The operating principle of the electrochemical double layer capacitors 
involves the electrostatic adsorption and desorption of ions at the electrode/electrolyte 
interface. Upon charging, anions of electrolytes are attracted to positive electrode, and 
cations are accumulated at the surface of the negative electrode (Figure 2). A 
monolayer of solvent absorbs on the surface of the electrodes and is located at the 
interface between the electrodes and ions. An electric potential difference between the 
electrodes and ions is generated, which leads to the formation of two capacitors in 
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series (double layer). During the discharging process, the ions are released from the 
surface of the electrodes. The stored energy, E, is proportional to capacitance, C, and 
working voltage, V, as shown in the following equation: 
 
  
 
 
    (1) 
The working voltage is fixed based on the type of electrolyte. Typically, it is 1 V for 
aqueous electrolytes and 2.5 V for organic electrolytes. The main challenge is to 
increase capacitance which is determined by the following relationship:  
 
  
    
 
   (2) 
where ε is the relative permittivity, ε0 is the vacuum permittivity (8.85x10
-12
F/m), A 
is the accessible surface area of electrodes, d is the separation distance between the 
ions and electrodes (~0.3-0.5 nm). One needs an optimum pore size distribution 
within the electrodes to optimize both surface area and accessibility by the ions.  
Porous carbon has been subjected to intensive studies as electrodes for 
electrochemical double layer capacitors because of its chemical and thermal stability, 
high conductivity, and relatively low cost. A wide range of porous carbons, such as 
activated carbon [4-6], carbide-derived carbon [7], carbon onions [8],
 
carbon 
nanotubes [9], carbon aerogel [10, 11], templated carbon [12], activated graphene [13] 
and activated carbon nanofibers [14-16] 
 
have been studied. A majority of these 
materials exist in the form of powder, and the addition of polymeric binding agents 
and conductive fillers are required to process them into a film before being used as 
electrodes. In addition to adding complicated processing steps to the electrode 
fabrication procedure, the binders add dead mass, block the accessible surface area, 
increase the ohmic resistance, and subsequently reduce the capacitance and power 
capability of these devices. Besides, prior work on porous carbon supercapacitors use 
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a chemical or physical activation at high temperature. This step will not only increase 
the production cost, but also impose a difficulty of controlling pore sizes which in 
turn affects ion accessibility. In this context, we fabricated porous carbon nanofibers 
with high surface area by using the electrospinning process. The ability to control 
pore sizes within carbon nanofibers is demonstrated using a simple method. These 
porous carbon nanofibers are subsequently used as free-standing electrodes without 
additives and show a high specific capacitance and power capability.  
In contrast to EDLCs, the operating principle of pseudocapacitors involves fast and 
reversible redox reactions. The type of redox reactions can be: i) reversible surface 
adsorption of proton or metal ions from the electrolytes, ii) redox reactions involving 
ions from the electrolytes, iii) the reversible doping-dedoping processes in conducting 
polymers [17]. The first two processes are more dependent on the surface area of the 
electrodes while the third process can take place in the bulk of the materials and are 
associated with insertion/desertion of ions. Unlike batteries where redox potential is 
thermodynamically pre-determined, accumulated charges during redox reactions in 
pseudocapacitors vary with potential. As a result, a derivative of accumulated charges 
to potential gives rise to a capacitance, which is referred to as pseudocapacitance. 
Materials for pseudocapacitors are mostly based on transition metal oxides (e.g. 
MnO2 and RuO2) and conducting polymers (e.g. polyaniline, polypyrrole, 
pothiophene). Among them, conducting polymers offer a greater degree of flexibility 
in electrochemical processing as well as being cost effective materials [18]. Being a 
bulk phenomena (unlike EDLC, which is a surface phenomena), they exhibit much 
higher capacitance than EDLCs, but often suffer from poor power density and low 
cycle life due to low conductivity and mechanical degradation during 
insertion/desertion of ions. A schematic representation of the charging and 
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discharging processes of a conducting polymer is presented in Figure 3. Conducting 
polymers can be doped with anions (p-doping) or cations (n-doping) resulted in an 
oxidized state or reduced state respectively. These states can be reversibly dedoped  
and returned back to neutral conducting polymers. Only a limited number of 
conducting polymers can be reversibly n-doped. The potential at which n-doping 
happens is normally at high reducing potential and require non-aqueous electrolytes to 
avoid degradation/redox of water [19]. A combination of an n-doped polymer and a p-
doped polymer will offer a high specific energy density due to a large voltage window 
existing between these two states. Herein, we try to study a p-doped polymer that can 
reversibly dedoped in a simple aqueous electrolyte before we move on to a 
complicated system.    
 
 
Figure 3- A schematic representation of the charging and discharging processes of a 
conducting polymer associated with a) p-doping and b) n-doping. Reprinted from [19], 
Copyright (1994) with permission from Elsevier. 
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In order to solve the problem of poor power density and low cycle life as stated above, 
a hybrid structure of conducting polymers and EDLCs based materials have often 
been explored. In many of these studies, only the performance with respect to 
pseudocapacitors alone is provided and the dead weight of the carbon substrate is not 
accounted for. Moreover, these composites are often impractical for 
commercialization due to either complicated fabrication or limited scalability [20]. In 
this context, we explore a potential combination of porous carbon nanofibers and 
polyanline (p-doped polymer). This hybrid structure will combine both aspects: 
double layer capacitance from porous CNFs and pseudocapacitance from polyaniline. 
A uniform and conformal coating of polyaniline on porous carbon nanofibers was 
obtained and showed a significant improvement in capacitance.  
In parallel to experimental part, we also conducted molecular dynamics (MD) 
simulations to study structures and kinetics of phase separating binary mixtures under 
elongational flow. The fact that we achieve a successful fabrication of porous carbon 
nanofibers comes from an initial formation of co-continuous morphology of 
electrospun polymer blend. During electrospinning, there are two key factors affecting 
the internal morphology of nanofibers: fast solvent evaporation and elongational flow. 
It is intuitive to assume that fast solvent evaporation can kinetically trap immiscible 
polymer blend separated into small domain sizes otherwise a complete phase 
separation is thermodynamically expected. While the effect of solvent evaporation is 
quite understandable, effect of elongation flow on phase separation is barely studied. 
There is at least one direction of elongational flow that is continuously shrinking with 
time, making it extremely difficult to devise an apparatus in which steady state is 
achieved, particularly for slow relaxing materials like polymers. A similar problem 
occurs with simulation box dimensions. By adopting the algorithm proposed by Todd 
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and Daivis using the temporally boundary conditions [21, 22], we are able to simulate 
phase separation of immiscible binary mixtures including polymer blend and simple 
fluid mixture under planar elongational flow. Although it does not exactly resemble 
an electrospinning process (a uniaxial elongation flow associated with solvent 
evaporation), but it provides qualitative results on how morphology as well as kinetics 
of phase separating binary mixtures is affected by elongational flow. Below, we 
discuss each project in detail including the introduction, motivation, experimental 
methods and results and discussion.  
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CHAPTER 2: FARICATION OF POROUS CARBON NANOFIBERS WITH 
CONTROLLABLE PORE SIZES 
 
The following content is reproduced by permission of The Royal Society of 
Chemistry and Elsevier.   
 
2.1 Introduction 
 
 
Figure 4- A schematic of electrospinning setup. Reprinted from [23], Copyright 
(2011) with permission from Elsevier. 
 
Electrospinning is a simple process for fabricating non-woven nanofiber mats with 
high surface area and porosity. A typical electrospinning setup (Figure 4) consists of 
a metallic spinneret, a syringe pump, a high-voltage power supply, and a grounded 
collector in a humidity controlled chamber [23]. A polymer solution, polymer melt or 
a sol-gel solution is continuously pumped through the spinneret at a constant rate, 
while a high voltage gradient is applied between the spinneret tip and the collector 
substrate. The solvent continuously and rapidly evaporates while the jet stream is 
whipped and stretched by electrostatic repulsion forming solidified continuous 
nanofibers (diameters ~ 50-500 nm) on the grounded collector.  Carbon nanofiber 
(CNFs) mats can be fabricated by subjecting electrospun nanofibers of an appropriate 
polymer precursor to a carbonizing process. Cellulose, phenolic resins, 
polyacyrlonitrile (PAN), polybenzimidazol, and pitch-based materials have been 
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electrospun to produce CNFs. Among them, PAN is widely used as a precursor for 
CNFs due to its excellent electrospinnability and relatively high carbon yield. So far 
CNFs produced from electrospinning PAN have been subjected to different physical 
or chemical activation processes using steam [24], CO2 [25], NaOH [26], or KOH 
[27] to create pores within nanofibers. The activation process further increases the 
specific surface area of carbon nanofibers thereby enhancing the specific capacitance. 
However, these activation processes often create subnanometer pores that are less 
than 1 nm and provide little control over pore sizes and overall porosity within 
nanofibers. These materials often show a big drop in capacitance when used in 
organic electrolytes and/or at high current densities
 
[26], conditions that are necessary 
for most industrial/practical applications.  
Some researchers have electrospun blends of PAN with other sacrificial polymers to 
generate a range of phase-separated structures in the fibers. The overall idea was that 
upon carbonizing at high temperature, PAN will convert to carbon, and the sacrificial 
polymer would be decomposed out to create intra-fiber pores. The concept is very 
interesting and potentially powerful since the need for activation will be eliminated 
and the number of steps to produce porous CNFs will be reduced; however, so far not 
much success in terms of obtaining high surface areas as well as uniform distribution 
of intra-fiber pores has been seen. Ji et al. [28]
 
 prepared porous CNFs by carbonizing 
electrospun PAN/poly (L-lactide) nanofibers. They obtained irregular thin long 
interior pores within carbon nanofibers and a specific surface area of 359 m
2
 g
-1
. 
Given that pure PAN-derived non-porous carbon nanofibers have been shown to 
exhibit a specific area of up to 240 m
2
 g
-1
 [29], little advantage of the presence of a 
sacrificial polymer was demonstrated. Another example is that carbonizing 
electrospun PAN and polyvinylpyrrolidone (PVP) produced bonded CNF (Figure 5) 
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instead of porous structure due to the melting of PVP during carbonizing process [30]. 
Activation with CO2 was acquired to increase surface area.  
 
 
Figure 5- Carbonizing electrospung PAN and PVP nanofibers. Reprinted from [30], 
Copyright (2011) with permission from Elsevier. 
 
 
An interesting study that showed the successful fabrication of porous CNFs was 
carried out by Peng and his co-workers [31]. They electrospun a blend of 
polyacrylonitrile and a copolymer of acrylonitrile and methyl methacrylate (poly 
(AN-co-MMA). The utilization of copolymer instead of homopolymer MMA was to 
improve the compatibility between MMA and AN. The rapid solvent evaporation 
during electrospinning allowed the forming of phase separated domain sizes of tens of 
nanometers compared to micrometer sizes during film casting. As a result, they 
obtained uniform porous CNFs (Figure 6) after removing MMA during carbonization. 
However, the pore size of CNFs was still large (above 20 nm) leading to a moderate 
surface area of 321 m
2
/g. 
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Figure 6- Carbonizing electrospun PAN and poly (AN-co-MMA). Reprinted with 
permission from [31]. Copyright (2006) American Chemical Society. 
 
 
Others also reported porous CNFs by removing sacrificial polymers using selective 
dissolution before carbonizing. Zhang and co-workers
 
[32] electrospun binary 
solutions of PAN with three different sacrificial polymers, poly (ethylene oxide), 
cellulose acetate, and poly(methyl methacrylate) (PMMA). Upon removal of the 
second polymer and subsequent carbonization, different features such as grooved, 
hollow, U-shaped, or collapsed fibers were observed, and there was no report of 
specific surface area. A successful attempt to produce high surface CNFs was 
reported by electrospinning PAN and PVP [33]. Upon leaching PVP domains with hot 
water in the bicomponent nanofibers, porous PAN nanofibers were formed, as seen in 
Figure 7. Subsequent carbonization of porous PAN nanofibers produced porous 
CNFs with pore sizes of 7 to 13 nm and a surface area up to 571 m
2
/g.  
 
 
Figure 7- Porous CNFs obtained from electrosping PAN and PVP. Reprinted with 
permission from [33]. Copyright (2009) Wiley Materials. 
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In this work, we employed a different sacrificial polymer to fabrication of porous 
carbon nanofibers (CNFs) with uniformly distributed pores and much higher surface 
area compared to the previous reports. A binary mixture of PAN and a rigid 
mechanically stable polymer, Nafion in dimethylformamide (DMF) was electrospun 
into non-woven nanofiber mats. The rapid solvent evaporation and short residence 
time during electrospinning limits the available phase separation time resulting in the 
formation of co-continuous assembly of PAN and Nafion with a nanoscale domain 
size inside the nanofibers. After stablization and carbonization, the Nafion domains 
were decomposed, and the residual PAN domains were converted to carbon with an 
interconnected pore network throughout the entire fibers. Unlike other sacrifical 
polymers studied in the past, Nafion was used to create pores because of its rigidity 
and high decomposition temperature. This in turn prevented fibers from shrinking and 
collapsing during stabilization process causing the formation of a more-defined pore 
structure. It must be recognized that any polymer with high decomposition and chain 
rigidity can be a substitute candidate for Nafion to create high surface area porous 
CNFs. With this technique, the pore size can be easily tuned using process and 
solution parameters as will be shown below. We obtain extremely porous CNFs with 
a specific surface area of 1600 m
2
 g
-1
 by using a simple one-step carbonization 
process without the use of any activation procedure. The fabricated CNFs were 
applied as electrodes for EDLCs and studied in both aqueous and ionic liquid 
electrolytes.   
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2.2 Experimental 
 
2.2.1  Fabrication of porous carbon nanofibers 
 
Nafion powder (prepared by drying a LIQUION 1105 purchased from Ion Power Inc.) 
and PAN (Mw = 150000 g mol
-1
, purchased from Sigma-Aldrich) were dissolved in 
DMF (purchased from Sigma-Aldrich) under gentle heating and stirring for 1h. Fibers 
were electrospun at room temperature with humidity below 20%. The distance 
between the tip of the needle (22 gauge needle-spinneret from Hamilton Company) 
and the grounded collector was 5-6 inches, and the applied voltage of 8-10 kV was 
used to obtain a stable Taylor cone. The flow rate was kept at a constant 0.5 mL h
-1
.  
The electrospun nanofibers were placed in a horizontal tube furnace and stabilized by 
heating to 280 
0
C at a rate of 5 
0
C min
-1
 under an air enviroment. The stabilized 
nanofibers were then carbonized by heating to 700
0
C at a rate of 5
0
C min
-1
 and held at 
700
0
C for 1h under an inert atmosphere. The carbonized fibers were then heated to 
800
0
C and held for 1h to further increase the conductivity.  
 
2.2.2 Viscosity measurement 
 
The shear viscosity of polymer solutions was measured using a TA Instruments AR 
rheometer equipped with a concentric cylinder system. The extensional rheological 
properties of polymer solutions were characterized by using capillary breakup 
extensional rheometer (CaBER) with 8 mm measuring plates. In a typical run, a small 
amount of solution was loaded into a 4 mm gap between the two plates. A step strain 
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was applied causing the liquid bridge thin and then break into two droplets. The 
diameter at the mid-point of liquid bridge, Dm(t), was monitored. The Hecky strain at 
the axial mid plane, ε, and the apparent viscosity, ηext , were calculated by the 
following equations [34] 
 
        
  
     
  (3) 
 
       
 
 
        
  
       
(4) 
where D0 is the initial diameter of the unstretched liquid, and σ is the surface tension. 
Since these polymer solutions are non-Newtonian fluids, the diameter versus time can 
be fitted into the following equation
3
[34]  
 
          
   
  
 
 
 
  
 
       (5) 
 
where D1 is the initial diameter of the stretched liquid, G is the elastic modulus, and λ 
is the relaxation time. Each sample was measured three times to guarantee 
reproducibility. 
 
2.2.3 Selective dissolution of PAN 
 
The as-made electrospun nanofibers were first submerged in boiling water for 1h and 
then in 51 % sodium thiocyanate (NaSCN) solution (purchased from Sigma-Aldrich) 
at 70
0
C for 2h for selective removal of PAN.  
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2.2.4 Nanofiber Characterization 
 
The external morphology of electrospun nanofiber mats was characterized using 
scanning electron microscopy (Zeiss Supra 50VP). To characterize internal assembly, 
as-spun and carbonized nanofibers were embedded in epoxy matrix (purchased from 
Electron Microscopy Science) and then microtomed into thin longitudinal and cross 
sections using a Leica EM UC6 ultramicrotome equipped with a diamond knife. The 
sections were picked up on lacey carbon copper grids (purchased from Electron 
Microscopy Science) and characterized using transmission electron microscopy 
(JEOL JEM2100) operated at 120 kV. For the as-spun nanofibers, the sections were 
stained in a closed container with 0.5 % ruthenium tetraoxide (purchased from 
Electron Microscopy Science) for less than 30 minutes before characterization. The 
specific surface area (SSA) of CNFs was measured using nitrogen sorption isotherms 
at 77K (Autosorb-1, Quantachrome) and CO2 sorption isotherms at 273K (ASAP 
2020, Micromecritics). Prior to the adsorption-desorption measurement, all samples 
were degassed at 200
0
C under vacuum for 24h to remove impurities. The pore size 
distribution (PSD) of CNFs was calculated based on adsorption-desorption curves 
using the quenched solid density functional theory (QSDFT) with assuming slit-
shaped pores. The contact angle measurements were performed using a CAM 200 
Goniometer system. The samples were placed on a platform and taped at each corner. 
The syringe needle with a drop hanging from the tip was carefully brought in touch 
with the samples. The evolution of the drop was then monitored with the camera in 
the fast speed mode. XPS measurements were obtained using an ESCA PHI-5000 
VersaProbe (ULVAC-PHI Inc., Japan) with Al Kα anode (E=1486 eV). 
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2.3 Results and Discussion 
 
2.3.1 Electrospinning Nafion/ polyacrylonitrile solutions 
 
Electrospinnability of Nafion/polyacrylonitrile (PAN) solutions was studied as a 
function of blend composition and total solid concentration in solution (solution 
concentration in DMF). A complete blend composition range (Nafion:PAN) between 
pure Nafion in DMF to pure PAN in DMF and a total solution concentration range 
(Nafion+PAN in DMF) from 10-35 wt% in DMF was investigated. Pure Nafion 
solution was not electrospinnable by itself. Addition of only 5 wt% PAN in the 
Nafion/PAN blend (with a 30 wt% solution concentration) allowed us to successfully 
electrospin nanofibers (with beads). Perfectly smooth and uniform nanofibers 
(average diameter ~250 nm) were obtained for 10 or higher wt% PAN in Nafion/PAN 
blend. Note that as we decreased the total solution concentration below 30%, the 
fraction of PAN in Nafion/PAN blends needed to successfully electrospin nanofibers 
increased, as expected and as shown below.  
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Figure 8- SEM micrographs of electrospun Nafion/PAN nanofiber mats at different 
Nafion: PAN blend compositions with 10 wt% total solution concentration in DMF: 
a) 0:100, b)40:60, c) 60:40, d) 70:30. Scale bar is 500 nm. 
 
 
Figure 8 shows SEM micrographs of electrospun Nafion/PAN nanofiber mats at 
different blend compositions with a fixed total solution concentration of only 10 wt% 
in DMF. To obtain smooth, bead-free nanofibers, PAN content needed to be raised to 
60% (with 40% Nafion, Figure 8b). At PAN content between 40% and 60%, bead-
on-fiber morphology was observed (Figure 8c), while only beads were obtained with 
PAN content below 40% (Figure 8d).  
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Table 1- Shear viscosity of Nafion/PAN solutions. All compositions are in wt%. 
Total solution concentration is fixed at 10 wt% in DMF. 
 
PAN Nafion DMF 
Viscosity 
(Pa·s) 
0% 10% 90% 0.1073 
4% 6% 90% 0.127 
6% 4% 90% 0.1969 
10% 0% 90% 1.061 
 
Several researchers have used shear viscosity measurement as a tool to quantify the 
electrospinning behavior of both pure Nafion solutions and those with an addition of a 
carrier polymer [35, 36]. Table 1 provides the shear viscosity values of Nafion/PAN 
solutions with different blend compositions and a fixed solution concentration of 10 
wt%.  Chen et al
 
[35] reported a shear viscosity of 0.008 Pa·s for a 10% pure Nafion 
solution in 3/1 isopropanol/water cosolvent. In this work, we found a much higher 
shear viscosity of pure Nafion solution in DMF (0:100 PAN:Nafion, Table 1) than 
those reported in literature. This is possibly due to the differences in solution 
preparation procedure and the employed solvent, which may have facilitated the 
suppression of aggregates and enhanced the homogeneity of the solution. However, in 
spite of a zero shear viscosity of 0.1073 Pa·s (for 10 wt% Nafion in DMF), which is 
often considered sufficient for electrospinning, we were unsuccessful in 
electrospinning Nafion nanofibers. This indicates the absence of fluid elasticity in 
Nafion and its importance for electrosinnability. Addition of 60% PAN content in the 
Nafion solution lead to further increase of viscosity, and also made it electrospinnable 
as also seen in Figure 8b, indicating an enhancement of fluid elasticity and/or chain 
entanglements.  
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Table 2- Relaxation time of different Nafion: PAN blend compositions with 10 wt% 
total solution concentration in DMF measured by CaBER. 
 
Nafion:PAN (wt/wt) Relaxation time (s) 
100:0 N/A 
40:60 0.0263 
0:100 0.0714 
 
 
 
 
Figure 9- Extensional viscosity: a) 10% pure PAN, b) 40/60 Nafion/PAN with 10% 
total solution concentration, c) 10% pure Nafion. 
 
To quantify fluid elasticity and to clearly understand its correlation with Nafion 
electrospinnability, relaxation time (Table 2) and extensional viscosity (Figure 9) 
were measured using CaBER. Initially, there was a sudden drop in the extensional 
viscosity with increasing Hecky strain because the laser micrometer of CaBER was 
not aligned with the center of the liquid bridge at the beginning of the experiment. 
Therefore, this region was similar for all three samples. When the moving upper plate 
stopped and the strain rate was zero, the elastic tensile stresses in the polymer solution 
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began to grow to resist the capillary forces. As a result, we saw an increase in the 
apparent extensional viscosity indicating the strain hardening. As seen in Figure 9b, 
PAN/Nafion/DMF solution exhibits a dramatic increase in extensional viscosity with 
Hencky strain. Pure Nafion solution does not exhibit any strain hardening due to the 
lack of elasticity (Figure 9c). The relaxation time (λ) of pure Nafion solution was too 
short to be determined by CaBER implying that λ was less than 0.001 s, further 
corroborating that elasticity is the essential property for electrospinning. Relaxation 
times of 40:60 Nafion:PAN and pure PAN solutions were measured as 0.0263 and 
0.0714 seconds and both solutions were shown to be electrospinnable. 
 
 
Figure 10- SEM micrographs of electrospun Nafion/PAN mats: a) 60:40 Nafion:PAN 
with 15% total -solution in DMF b) 80:20 Nafion:PAN with 25% total solid in DMF, 
b) 90:10 Nafion:PAN with 30% total solution in DMF, d) 95:5 Nafion:PAN with 30% 
total solution in DMF. The scale bar is 1 micron. 
 
 
Bead-free fiber mats at less than 60% PAN content were also successfully fabricated 
by increasing the total polymer concentration in DMF. As shown in Figure 10a-10c, 
only 40, 20 and 10 wt% PAN was needed in Nafion: PAN blends to electrospin 
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smooth bead-free nanofibers when the total solution concentration was raised to 15, 
25 and 30 wt% in DMF respectively. Note that these solutions correspond to 6, 5 and 
3 wt% of PAN in DMF respectively. Interestingly, to electrospin pure PAN 
nanofibers, a minimum of 4 wt% pure PAN in DMF is needed (see Supporting 
Information). However, at 30% total solution concentration with 90:10 Nafion:PAN 
wt/wt composition, there was only 3% of PAN in the solution. This indicates either a 
change in Nafion morphology at high concentration or an interaction between PAN 
and Nafion resulting in enhanced chain entanglement. As we further increased Nafion 
content in the solution to 95:5 Nafion:PAN composition without increasing total solid 
concentration (30% wt solution), the bead-on-string morphology (Figure 10d) was 
observed. A futher increase in total solid concentration (35% wt solution) to 
compensate for increasing Nafion content lead to an extremely viscous solution, 
which was not electrospinnable. A summary of various morphologies of electrospun 
nanofibers obtained as a function of Nafion content and total solution concentration is 
shown in Figure 11. We also note that at high total solution concentration, the relative 
humidity inside the chamber must be below 10% in order to form a stable jet, 
otherwise the fibers grew in air from the collector to the spinneret. This phenomenon 
can be explained by the ion conducting nature of Nafion at the high humidity [37]. 
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Figure 11- Morphology of electrospun fibers at different compositions and total solid 
concentrations. 
 
 
 
2.3.2 Internal morphology of nanofibers 
 
The internal morphology of nanofibers with different blend compositions was 
investigated with transmission electron microscopy (TEM) using microtomed fiber 
sections stained with RuO4. Xue et al [38] showed that RuO4 could be used to stain 
the hydrophilic region of Nafion by oxidizing the residual water, while PAN appeared 
to be unaffected by the stain [39]. We verified this by staining both pure PAN and 
pure Nafion followed by TEM characterization.  
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Figure 12- TEM micrographs of microtomed fibers at different Nafion:PAN blend 
compostions: a) 40:60, b)60:40, c)80:20. Scale bar is 100 nm. 
 
 
The TEM images of Nafion/PAN nanofibers in Figures 12a and 12b show a co-
continuous assembly of black and white domains corresponding to Nafion and PAN 
respectively. The domains exhibit phase-separation only at the nanoscale. This is 
possibly due to the rapid solvent evaporation that limits the total residence time 
during electrospinning to 1-10 milliseconds. This prevents complete phase separation 
and leads to kinetically-trapped desired structures. Some evidence of alignment of 
Nafion (Figure 12a) domains along the fiber axis was also seen due to the strong 
deformation during the electrospinning process. As Nafion content in the solution was 
increased (Figure 12b), more spherical ionic clusters (black domains) were observed. 
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These spherical cluster domains were interconnected by gray domains which are 
expected to be the hydrophobic perfluorocarbon backbones and hydrophilic channels 
respectively based on the cluster-network model of Nafion [40] . Further increasing 
Nafion content (80:20 Nafion:PAN) resulted in a matrix-dispersed morphology. The 
existence of percolating co-continuous structures of two materials with 
complimentary properties and functionalities can be extremely beneficial for many 
target properties and applications. For example, a continuous network of high-strength 
polymer will enhance the overall mechanical properties much more efficiently, as 
shown by Buxton et al [41] (while the second constituent polymer in the blend 
provides another property such as proton conductivity). As another example, such 
material assembly will facilitate the formation of highly porous nanofibers by 
selective dissolution of one of the phases without the collapse of the long continuous 
nanofiber structure.  In this work, we demonstrate the last example, and develop 
uniformly porous nanofibers. Electrospun Nafion/PAN nanofibers were pretreated in 
boiling water for at least 1h and then treated with 51% sodium thiocyanate (NaSCN) 
at 70
0
C for 2h to selectively remove PAN. FTIR-ATR was used to confirm the 
removal of PAN. The resultant structure after dissolution was highly porous Nafion 
nanofibers as shown in Figure 13. These results indicate the presence of a continuous 
Nafion phase as well in the blend nanofibers that prevent the collapse of the nanofiber 
morphology after PAN removal. Porous Nafion nanofibers will be beneficial in 
sensing applications as they are expected to provide greater sensitivity owing to 
higher surface area. However, our focus will be on the removal of Nafion by 
carbonization to form porous carbon  nanofibers for supercapacitor application as 
described in the next section. 
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Figure 13- Dissolution of 80:20 Nafion:PAN in 51% wt NaSCN. Scale bars are 1 
micron (left) and 200 nm (right). 
 
 
 
2.3.3 Formation of porous carbon nanofibers 
 
 
 
To fabricate porous CNFs, the electrospun Nafion-PAN nanofibers were first 
subjected to air stabilization at 280 
0
C and then heated up to high temperature under 
the inert atmosphere. This process burns away Nafion and converts PAN to carbon 
forming porous carbon nanofibers (CNFs). During the stabilization step, the PAN 
domain underwent complex chemical reactions to transform into the stabilized ladder 
structure [42] while the Nafion largely remained intact. As a result, no pore formation 
was seen in any sample after stabilizing at 280
0
C.   
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Figure 14- SEM micrographs of porous carbon nanofibers formed by carbonizing 
nanofibers at different Nafion:PAN blend compositions: (a) 60:40 electrospun at 15% 
total solid concentration, (b) 80:20 electrospun at 25% total solid concentration, (c) 
80:20 electrospun at 20% total solid concentration. 
 
 
Prominent porous carbon structures (Figure 14) appeared after heating to 800
0
C 
under inert atmosphere due to selective removal of Nafion and conversion of PAN to 
carbon. When the Nafion:PAN weight ratio was 60:40, pores were too small to be 
seen under SEM (Figure 14a). However, the TEM images of both longitudal section 
and cross-section of the same sample (Figure 15) showed a clear internal porous 
structure. The dark regions are carbon and the light regions are void spaces. The pores 
are interconnected within the carbon domains. As the Nafion content in the precusor 
was increased from 60% to 80%, the pores became larger. Nevertheless, the fibers 
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still retained their fiber morphology after carbonization.  
 
 
Figure 15- TEM micrographs of microtomed sections of porous carbon nanofibers: a 
and b) cross section and longitudal section of fibers of carbonized Nafion:PAN 60:40. 
 
 
Note that the densities of Nafion and PAN are 1.7 and 1.2 g mL
-1
 respectively; 
therefore the volume ratio of Nafion: PAN in the 80:20 wt:wt sample is ~75:25. It is 
very interesting how even at only 25 volume % PAN, the Nafion:PAN CNFs did not 
collapse after selective removal of Nafion during carbonization and showed a uniform 
porous structure (Figure 14b). The two following factors may have partially 
contributed to this effect. First, Nafion after drying at 80
0
C for 24 h was still 
absorbing more than 10% water by weight [43] (as confirmed by TGA in Figure 16), 
which implies that the dry Nafion volume fraction is slightly lower than the calculated 
75%. Secondly, the fiber diameter decreased from 250 nm to 200 nm after 
carbonization. A rough calculation will yield carbonizied fibers with a volumetric 
ratio of 45:55 of solid carbon:intra-fiber pores. With 45% carbon, it is reasonable that 
the fibers still retain the shape after carbonizing 80:20 Nafion:PAN sample. 
Nevertheless, the retention of fiber morphology after carbonization and the presence 
of interconnected pore structure as seen in the TEM images implies that the PAN in 
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the as-made nanofibers exhibits a continuous percolating domain, which when 
converted to carbon prevented the fiber from collapsing. 
 
 
Figure 16- TGA curve of Nafion. 
 
Figures 14b and 14c show the effect of initial solution concentration on pore sizes 
after carbonization. Here both samples were electrospun using 80:20 weight ratio of 
PAN:Nafion, but the initial concentration of the solid in DMF was 25 and 20% 
respectively. The bead-on-fiber morphology was observed for 20 % concentration as 
described in the above section. After carbonization, this sample still appeared to be 
highly porous,  but it had a much larger pore size compared to 25% concentration 
sample. Since the size of the beads is in the range of micrometers, it is understandable 
that these beads hold a larger pore size. The filaments that connected between beads 
had diameter in the same range of nanofibers of 25% concentration, but they had a 
pore size similar to the beads.  The time scale for phase separation in the sample with 
low solution concentration must be longer than the sample with high solution 
concentration. Fong et al [44] showed that fast solvent evaporation could suppress the 
bead formation. Therefore, it is possible that when the slow evaporation of the bead 
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forming sample allowed the long time scale for phase separation.  As a result, large 
pore sizes are formed for the bead-on-fiber sample upon carbonization.  
 
 
Figure 17- Nitrogen sorption isotherms of carbonized a) 60:40 Nafion:PAN and b) 
80:20 Nafion:PAN. 
 
 
 
Figure 18- Pore size Pore size distributions of carbonized PAN, 60:40 Nafion:PAN, 
and 80:20 Nafion:PAN. The carbonized PAN was analyzed using CO2 isotherm.  
 
 
The pore size distribution (PSD), specific surface area, and pore volumes of porous 
CNFs were studied with the nitrogen adsorption-desorption isotherms (Figure 17). 
The volume of adsorbed nitrogen of carbonized 80:20 Nafion:PAN increased slowly 
with relative pressure indicating the presence of a significant fraction of mesopores. 
On the other hand, the carbonized 60:40 Nafion:PAN was seen to level off at an 
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intermediate pressure indicating the presence of a majority of micropores with a small 
amount of mesopores. Given that the desorption branch lies above the absorption 
branch, both hysteresis loops, obtained for calcined 60:40 Nafion:PAN and 80:20 
Nafion:PAN are associated with slit shaped pores [31]. A summary of calculated BET 
surface area, total pore volume, volume of micropores, and average pore size from 
isotherms is listed in Table 3.  
 
Table 3- Values of SSA, pore volume, average pore size acquired from N2 sorption. 
 
 
BET SSA 
(m2 g-1) 
Vmicro 
(cm3 g-1) 
Vmeso 
(cm3 g-1) 
Cumulative pore 
volume (cm3 g-1) 
Average pore 
size (nm) 
Nafion:PAN 
60:40 
1614 0.641 0.181 0.822 1.35 
Nafion:PAN 
80:20 
1499 0.526 0.81 1.336 4.69 
PAN 339 0.128 
 
0.128 0.6 
 
 
The average pore size increased from 1.35 to 4.69 nm with increase of Nafion content 
from 60% to 80%. This is understandable as more sacrificial polymers are removed to 
create bigger pores. However, in spite of the increase in pore size, we did not see any 
significant decrease in surface area (1614 m
2
 g
-1
 for 60% Nafion to 1499 m
2
 g
-1
 for 
80% Nafion), which could be attributed to a significant increase in the overall pore 
volume in the carbonized 80:20 Nafion:PAN (1.336 cm
3
 g
-1
) compared to carbonized 
60:40 Nafion:PAN (0.822 cm
3
 g
-1
). Even though the pore size distributions are broad 
(Figure 18), the benefit of adjustable pore size and high specific surface area (SSA) 
are extremely attractive for the study in electrochemical double layer capacitors 
(EDLCs). In addition, the presence of interconnected pores as seen in TEM study in 
31 
 
 
 
 
Figure 15, we believe, will be extremely beneficial in EDLCs owing to greater 
electrolyte accessibility.  
It is clear that the use of Nafion as a sacrificial polymer allowed us to fabricate porous 
CNFs with a surface area that is three times higher than previous works as described 
in the introduction section. In an attempt to find out why Nafion performed as a much 
better sacrificial polymer compared to other polymers, we listed out some of 
important properties of polymers in Table 4. We believe that solubility parameter 
indicating the compatility betwen polymers is one of the most important factors. As 
the difference of solubility parameters between a sacrificial polymer and PAN 
decreases, the smaller domain sizes of phase separation can form. An example is a 
combination of PVP and PAN. PVP has a value of 25.6 Mpa
1/2
 which is quite close to 
PAN (26 Mpa
1/2
). As a result, they can form porous CNFs with a quite small pore size 
(7-13 nm).  Even though we don’t have a solubility parameter for poly(AN-co-MMA), 
it was shown to be compatible with PAN and produce a porous CNFs with a pore size 
of around 10 nm. Other sacrificial polymers (poly (L-lactide), polystyrene, PMMA, 
PEO) have values that are far from PAN produced porous CNFs with bigger pore 
sizes and lower surface area. Nafion possesses two distinct values of solubility 
parameter at 21.7 and 34.2 Mpa
1/2
 which correspond to the fluorocarbon backbone 
and ionic side chain respectively [45]. Depending on solvents, Nafion can exist as 
aggregates in solutions. Lin et al [46] showed that DMF can suppress the formation of 
aggregates leading to the existence of single molecule Nafion due to the compatibility 
of fluorocarbon backbone and the solvent. The fact that Nafion and PAN solution 
after mixing in DMF is clear and homogenous for a long period of time without any 
segregation may suggest that these two polymers are compatible and well miscible in 
DMF. As a result, domain sizes of phase separation in the electrospun nanofibers of 
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these two polymers are small, and they can form uniform porous structure after 
carbonization. Another important characteristic we would like point out is that Nafion 
has an excellent rigidity, a high Tg [47], no melting point, and a degradation 
temperature above 300
0
C. These criteria are necessary for a one-step carbonization 
without then need of selective dissolution. They allowed the Nafion domain to retain 
its structural integrity during the stabilization step. Premature degradation of the 
sacrificial polymer before PAN stabilization (at 280 
0
C) will lead to closing up of the 
newly-developed pores due to progressive shrinking of fibers. Overall, many factors 
can contribute to formation of a porous carbon nanofibers depending on the method. 
Even thoguh a substitute for Nafion has not been identified, it is interesting that we 
can form porous CNFs with pore sizes in the range of 1-4 nm and a very high surface 
area. Above hypothesises can serve as a guideline if one wants to continue this work.  
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Table 4- Summary of properties of sacrificial polymers used in the literature and in 
our work. Thermal and solubility data are mainly collected from [48]. 
Polymers Solubility 
(Mpa)
1/2 Tm (
0
C) Tg (0C) Pore sizes (nm) 
PAN 26 320 125 
 
Nafion
* 
21.7, 34.2 - 110-120 1 - 4 
PVP [33] 25.6 150-180 130-175 7- 13 
Polystyrene [49] 22.47 240 100 ~25 
PMMA [50] 22.69 160 106 hollow 
Poly (AN-co-MMA) [31] - - 
 
~ 10 nm 
Poly(L-lactide) [28] 21 145-186 57 irregular pores 
PEO [51] 20.2 65 -67 ~ 23.7 
PVDF-HFP
* 
23.2 135-140 
 
groove 
Polysulfone
* 
20.26 329-385 186 bonding 
Polycarbonate
* 
19.85 155 150 bonding 
PVDF
* 
16.2-18.4 443 -35 very big pore 
 
* Data was from our work.
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CHAPTER 3: PERFORMACE OF POROUS CARBON NANOFIBERS AS 
ELECTRODES IN AQUEOUS ELECTROLYTE BASED EDLCS 
 
The following content is reproduced by permission of Elsevier.   
 
3.1 Introduction 
 
Electrochemical double layer capacitors (EDLCs) are one of the most promising 
energy storage devices owing to their high power density, rapid charging/discharging 
ability, and long cycle life. Their applications can range from low power mobile 
devices to high power electric vehicles. The basic operating principle involves the 
adsorption and desorption of ions at the electrode/electrolyte interface. The key 
factors that govern the capacitance or performance of these devices are the accessible 
surface area and electrical conductivity of the electrode materials. Porous carbon has 
been subjected to intensive studies for EDLCs because of its chemical and thermal 
stability, high conductivity, and relatively low cost. Most of carbonaceous materials 
require additional polymeric binders and conductive fillers in order to increase 
conductivity and be able to process into films prior to assembling in devices. These 
additives in turn add extra dead mass and block the accessible surface area, which 
have negative impacts on capacitance or performance of devices. The porous CNF 
mats have been successfully fabricated in the previous chapter will offer a lot of 
advantages since they can be used as free-standing electrodes without the addition of 
polymeric binding agents. 
Aqueous electrolytes, such as acids (e.g., H2SO4) or alkalis (e.g, KOH), are typically 
employed in EDLCs due to the advantage of high ionic conductivity (~ 1 S cm
-1
) and 
low cost [2]. The small ion sizes of these electrolytes often allow them to be highly 
accessible to any surface of electrodes. Salitra and co-workers [52] concluded that the 
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pore size above 0.36 nm should be accessible to aqueous electrolyte ions. As a 
consequence, specific capacitance of 100 to 400 F g
-1
 in aqueous based EDLCs is 
achievable with activated carbons (ACs) even though ACs contains a majority of 
subnanometer pore sizes which are still above 0.36 nm.  This means that ACs is one 
of best candidates for obtaining high capacitance, mainly due to their very high 
surface area (~ 2000 m
2
 g
-1
). Herein, we will show that our porous CNFs not only 
allow us to achieve high capacitance due to high surface area (~1500 m
2
 g
-1
), but also 
a superior power handling capability due to the hierarchical structure.  
 
3.2 Electrochemical testing 
 
 
Figure 19- Electrochemical cell setup for testing in 1 M H2SO4. 
 
 
A symmetrical two electrode cell was assembled using two pieces of preivously 
fabricated CNFs (Chapter 2) with diamaters of 3/8
th
 inch and thicknesses in a range of 
100-150 microns  for testing in 1 M H2SO4 (purchased from Ward’s Science). The 
two electrodes were placed on either side of a Celgard 3501 separator, sandwiched 
between two graphite current collectors. The cell was then compressed between two 
Teflon plates (Figure 8). We found that the use of graphite as the current collector 
36 
 
 
 
 
allowed us to achieve a lower resistance due to improved contact between the 
electrodes and the current collectors which is indicated by the x-intercept of Nyquist 
plot at high frequencies (Figure 9). 
 
Figure 20- Nyquist plots of different current collectors. The inset is Nyquist plots at 
high frequencies. 
 
 
Thick electrodes can potentially increase electrolyte diffusion resistance and electrical 
resistance within electrodes and therefore deteriorate the F g
−1
 or F cm
−3
 performance. 
From our experiments we find that this deterioration effect is seen only for electrodes 
thicker than 200 microns since the CNFs showed a very good hydrophilicity as 
investigated by contact angle measurements. The contact angle measurements were 
performed using a CAM 200 Goniometer system. The samples were placed on a 
platform and taped at each corner. The syringe needle with a drop hanging from the 
tip was carefully brought in touch with the samples. The evolution of the drop was 
then monitored with the camera in the fast speed mode. As shown in Figure 21a, the 
CNFs showed a very good hydrophilicity since the obtained contact angle was 33
0
. 
Upon switching to 1 M H2SO4, the contact angle increased to 126
0
 (Figure 21b). 
However, the contact angle evolved with time due to the absorption of water into the 
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porous CNFs via capillary force. The contact angle reduced to 43° after 1 s (Figure 
21c) and the sample was completely wet after 2 s. The electrodes showed similar 
contact angle behavior with 1 M H2SO4 for both 160 and 100 micron thick samples 
(Figures 21b and 21d). As a result, we can confirm that the good absorption of the 
electrolyte into CNFs will preserve the effective surface area and specific capacitance 
despite the increase of electrode thickness within the given range. 
 
 
 
Figure 21- Contact angle of carbonized Nafion:PAN 60:40 with the thickness of 160 
micron using: a) deionized water, b) 1 M H2SO4, c) 1M H2SO4 after 1s, and contact 
angle of carbonized Nafion:PAN 60:40 with the thickness of 100 micron at different 
times: d) initial and e) after 1s. 
 
Cyclic voltammetry was performed with various scan rates from  20 mV s
-1
 to 5 V s
-1
 
in the voltage window from 0-0.9 V. Galvanostatic charge/discharge was carried out 
at different current densities from 1 A g
-1 
to 20 A g
-1
 within 0.9 V. The speicific 
capacitance, C, was calculated by the following equation:   
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(6) 
where  I is the current (A), Δt is the dischaging time (s), m is the total mass of CNFs 
(g), and ΔV is the voltage window (V). The energy densities,E (Wh kg-1), were 
evaluated as a function of constant discharge power densities from 0.1 kW kg
-1
 to 20 
kW kg
-1
 by the folowing equation: 
 
  
       
     
  
(7) 
where all variables are defined as earlier. Electrochemical impedance spectroscopy 
(EIS) was measured in the frequency range from 100 kHz to 10 mHz with an 
alternating current amplitude of 10 mV at an open circuuit voltage. All 
electrochemical measurements were carried out with potentiostat Gamry Reference 
3000. 
 
3.3 Results and discussion 
 
 
Figure 22- Cyclic voltammetry of carbonized pure PAN at 100 mV s
-1
. 
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As a control sample, Figure 22 shows the cyclic voltammetry (CV) of carbonized 
pure PAN 1 M H2SO4. An ideal EDLC should have a rectangular shape upon 
scanning the voltage. Carbonized pure PAN has a low surface area with a majority of 
ultramicropores which is in the range of ion sizes. This causes a lot of diffusion 
resistance of ions moving in and out of pores during charging and discharging at a 
quite high scan rate of 100 mV s
-1
. As a result, the CV has a distorted shape with a 
capacitance of only 20 F g
-1
.   
 
 
Figure 23- Cyclic voltammetry (CV) of carbonized 60:40 Nafion:PAN (left) and 
carbonized 80:20 Nafion:PAN (right). 
 
 
Figure 23 shows the CVs of carbonized 60:40 and 80:20 Nafion:PAN samples at 
various voltage scan rate. Both carbonized 60:40 Nafion:PAN and 80:20 Nafion:PAN 
exhibit near-rectangular cyclic voltammetry curves at both slow and extremely fast 
scan rates indicating a fast charge/discharge behavior and a low resistance of 
materials. The use of free-standing porous CNFs (without any binders) with pore sizes 
larger than the solvated SO4
-2
 (~0.53 nm [53]) in the electrolyte allowed us to achieve 
such kind of high power handling capability. While the carbonized 80:20 Nafion:PAN 
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maintained near-rectangular ideal CV shape up to a high scan rate of 2 V s
-1
, the 
carbonized 60:40 Nafion:PAN could operate up to 1 V  s
-1
 with near-ideal behavior. 
The relatively higher power handling capability (i.e faster ion transport) of carbonized 
80:20 Nafion:PAN than carbonized 60:40 Nafion:PAN is possibly due to the larger 
pore sizes in carbonized 80:20 Nafion:PAN nanofibers. This is very promising as 
activated carbon with SSA of 2500 m2  g
-1
 showed deviation from an ideal 
rectangular shape at only 100 mV s
-1
 scan rate in 0.5 M K2SO4 [54]. The values of 
gravimetric capacitance in Figure 23 will be discussed further below. 
 
 
Figure 24- The resulted volumetric capacitance at different scan rates. 
 
 
An important factor for a material to be realized in an actual EDLC device that many 
papers forgot to evaluate is the volumetric capacitance. A high volumetric capacitance 
will reduce the space of the device. Figure 24 shows a summary of the volumetric 
capacitance at different scan rates. At a scan rate of 20 mV s
-1
, carbonized 60:40 
Nafion:PAN and 80:20 Nafion:PAN exhibit large volumetric capacitances of 53 and 
60 F cm
-3 
respectively in spite of the relatively low packing density of electrospun 
nanofiber mats. Past work on electrospun carbide derived carbon nanofibers yielded a 
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capacitance of only 12 F cm
-3 
in 1 M H2SO4 [55]. Further improvement of packing 
density and hence the volumetric capacitance can be made by hot pressing before 
carbonization [56]. Note that both materials show a similar trend of specific 
capacitance vs. scan rate with no clear difference in spite of different pore sizes.  
 
Table 5- Values of conductivity and gravimetric capacitance of different carbonized 
samples. 
Samples Conductivity (S cm-1) Specific capacitance (F g-1) at 1 A g-1 
Nafion:PAN 0:100a 0.15 20 
Nafion:PAN 0:100b 2.3 15 
Nafion:PAN 60:40a 0.13 190 
Nafion:PAN 80:20a 0.12 210 
 
a. The samples were carbonized at 8000C. 
b. The sample was carbonized at 10000C.  
 
Table 5 shows the electronic conductivity and gravimetric specific capacitance 
measured via charge-discharge experiments for three different carbonized samples 
with the following initial Nafion:PAN weight ratio; 0:100 (pure PAN), 60:40 and 
80:20.  As expected, the conductivity reduced as the pore volume increased from 0.15 
S cm
-1
 in carbonized pure PAN to 0.12 S cm
-1
 in carbonized 80:20 Nafion:PAN 
nanofibers. The small reduction in conductivity was due to the fact that porous CNFs 
still remained intact with a continuous carbon phase upon removing Nafion. Although 
by increasing the carbonization temperature from 800 to 1000
0
C, the conductivity of 
carbonized pure PAN could be increased to 2.3 S cm
-1
 but the capacitance decreased 
from 20 F g
-1
 to 15 F g
-1
. These values are comparable to the result recently obtained 
by Zhi [57]. They reported a conductivity of 1.25 S cm
-1
 and a specific capacitance of 
10 F g
-1 
(in 1 M Na2SO4) for carbonized electrospun PAN at 850
0
C.
 
As shown in 
Table 5, the gravimetric specific capacitances measured via charge-discharge 
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experiments at a current density of 1 A g
-1
 were 190 and 210 F g
-1
 for carbonized 
60:40 Nafion:PAN and 80:20 Nafion:PAN respectively. These values corroborated 
the advantage of pores within individual nanofibers. For comparison, specific 
capacitance of activated CNFs fabricated using an additional high temperature 
activation procedure after carbonization has been reported to be up to 180 F g
-1
 at the 
same discharge current density [25, 58]. The use of sacrificial Nafion to create porous 
CNFs not only allowed a one-step fabrication process, but also allowed us to further 
improve the performance compared to activated CNFs. Note that although 80:20 
Nafion:PAN sample had a slightly smaller surface area and lower conductivity than 
60:40 Nafion:PAN, its gravimetric and volumetric capacitance was higher than 60:40 
Nafion:PAN. The bigger pore size of 80:20 Nafion:PAN possibly allowed enhanced 
ion diffusion and provided more accessible carbon surface area leading to improved 
performance. The difference between two samples are not considerable since both our 
porous nanofiber samples provided pore sizes large enough for ion diffusion and 
surface accessibility. Hence, the increase of the specific capacitance in 80:20 
Nafion:PAN sample was not as drastic. Ability to increase pore size and yet maintain 
a high specific surface area, will be particularly beneficial with organic electrolytes or 
room temperature ionic liquids (RTILs) that typically have larger ion sizes than 
aqueous electrolytes.  
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Figure 25- Nyquist plots of different carbonized samples. 
 
 
Figure 25 shows the AC impedance measurements of porous CNFs. The Nyquist 
plots of carbonized 60:40 Nafion:PAN and 80:20 Nafion:PAN showed small 
depressed arcs at high frequencies and steep linear slopes at low frequencies. We 
conducted the same experiment on carbonized pure PAN (non-porous carbon 
nanofiber mat) as reference, which showed a gentle 45
0
 slope at low frequencies. This 
indicates that both porous nanofiber samples posses a small charge transfer resistance 
and fast kinetics of ion adsorption to the electrode.  
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Figure 26- Specific capacitance versus current density (top) and Ragone plots of 
different carbonized samples (bottom). 
 
 
Finally, specific capacitance versus current density plots and Ragone plots were also 
constructed by varying the discharging current density from 1 A g
-1
 to 20 A g
-1
 and 
power density from 0.1 kW kg
-1
 to 20 kW kg
-1
 respectively (Figure 26). A similar 
trend of reduction of specific capacitance was observed for both carbonized samples. 
Interestingly, only ~25% reduction of specific capacitance was seen upon increasing 
the current density from 1 A g
-1
 to 20 A g
-1
. Activated carbons have been shown to 
lose more than 50% of their capacitance at a current density of 20 A g
-1
 [25]. As a 
0.1 
1 
10 
0.1 1 10 
P
o
w
er
  D
en
si
ty
 (
kW
 k
g-
1
) 
Energy Density (Wh kg-1) 
Carbonized Pure PAN 
Carbonized Nafion:PAN 60:40 
Carbonized Nafion:PAN 80:20 
0 
50 
100 
150 
200 
250 
0 5 10 15 20 
C
ap
ac
it
an
ce
 (
F 
g-
1
) 
Current Density (A g-1) 
45 
 
 
 
 
result, Ragone plots showed a very small reduction in energy density upon increasing 
power density for both carbonized samples with Nafion, i.e porous carbon nanofibers. 
This behavior is often associated with fast kinetics of ion diffusion and adsorption to 
the electrode surface which is related to structural advantages as described earlier. We 
achieved an energy density of 4 Wh kg
-1
 at a power density of 20 kW kg
-1
. It must be 
noted that these values are evaluated based on the mass of two electrodes without 
including the mass of the current collectors, separator, and the electrolytes. As 
mentioned earlier, the difference in the power handling capability between the two 
porous carbon nanofiber samples, as determined from capacitance vs. scan 
rate/current density and Ragone plots is not significant as both provide large enough 
pores for transport of solvated ions in the aqueous electrolyte. Figure 27 serves as a 
good reference for comparison between our porous carbon nanofibers and many 
different carbon materials. As we can see, energy densities of other carbon materials 
are also around 5 Wh kg
-1 
in H2SO4 electrolyte  at low power density. However, they 
start to lose significantly when the  power density increases to above 1 kW kg
-1
. The 
fact that our devices can operate at 20 kW kg
-1
 further prove the superior power 
handling capability of our porous CNFs. 
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Figure 27- Ragone plot of many different carbon materials: carbide derived carbon, 
commercial activated carbon, and mesoporous carbon. Reprinted from [59], 
Copyright (2008), with permission from Elsevier. 
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CHAPTER 4: PERFORMANCE OF POROUS CARBON NANOFIBERS AS 
ELECTRODES IN IONIC LIQUID ELECTROLYTE BASED EDLCS 
 
 
4.1 Introduction 
 
Energy density of EDLCs is proportional to the square of voltage. Aqueous 
electrolytes are limited to 1.2 V due to the water electrolysis outside of this voltage 
range. One can utilize organic electrolytes with solvents such as propylene carbonate 
or acetonitrile to widen the voltage window up to 2.8 V. However, the presence of 
these flammable and toxic solvents often makes the commercial cell construction 
complex. Unlike the solvent based electrolytes, room temperature ionic liquids 
(RTILs) have gained a lot of interests in the recent years due to their high 
electrochemical, thermal, and moisture stability. The absence of solvents in RTILs 
allows them to be highly effective electrolytes with a much wider electrochemical 
potential window facilitating a significant increase in energy density of EDLCs. 
RTILs can exist solely as ions without the need for solvation. The degree of ion pair 
dissociation is less than 100% and typically varies between 50-70%. Despite high 
concentration of charge carriers (ions), neat RTILs have a significantly lower 
conductivity compared to aqueous electrolyte, mainly due to high viscosity and low 
ion mobility [60]. Significant work has been done to explore a combination of 
different anions and cations to improve conductivity [60].  
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Figure 28 – Typical cations and anions used for ionic liquid preparation. Reproduced 
with permission from Torimoto et al [61] and John Wiley & Sons Publisher. 
 
Figure 28 shows a list of anions and cations used for preparation of RTILs.  Our 
focus will be on 1-ethyl-3-methyl-imidazolium (EMIM) cation which has been shown 
to exhibit a conductivity of ~ 10 mS cm
-1
 with many different anions [62]. A 
combination of this cation with bis(triflouromethanesulphonyl)imide (TFSI)  had a 
moderate conductivity of 8 mS cm
-1 
and potential window up to 4 V with equal 
distribution of negative and positive limits [63]. Other combinations tend to give 
either high conductivity/low potential window or vice versa. Previous study with 
carbide derived carbon [64] has demonstrated that there is an optimum pore size for 
obtaining maximum capacitance. As shown in Figure 25, a pore size of 0.7 nm, 
which matches with the ion sizes of cation and anion, is the most efficient for double 
layer charging. As discussed earlier, our porous CNFs exhibit a broad pore size 
distribution, which we believe would be beneficial in achieving high energy density at 
high rate. The presence of meso and macropores will facilitate faster diffusion of 
high-viscosity ionic liquid enabling higher power. 
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Figure 29- Normalized capacitance change versus the pore size of the CDC samples 
prepared at different temperatures; normalized capacitance is obtained by dividing the 
specific capacitance by the SSA. Reprinted with permission from [64]. Copyright 
(2008) American Chemical Society. 
 
In this study, we also activated our porous CNFs with KOH to modify their surface 
chemistry as well as increase their surface area and pore volume. Although the 
activation will add an extra step to processing, we believe that it provides a promising 
way to further increase performance in ionic liquids. Polyacrylonitrile precursor based 
carbon has been activated with many different ways: KOH, NaOH, CO2, or steam 
[24-26, 65-67]. Different activation conditions have different effects on surface 
chemistry, surface area, and pore size distribution of carbon. These factors in turn can 
have a tremendous impact on performance of carbon as electrodes for EDLCs. 
However, most of them have been only studied in aqueous electrolytes. We only 
found one report [26] that used NaOH to activate polyacrylonitrile based fibers and 
studied in an ionic liquid. Their procedure involved pyrolysis at 600
0
C, and then 
activation with NaOH at the same temperature. They obtained an extremely high 
surface area of up to 3291 m
2
 g
-1
 and a high fraction of mesopores. When tested in a 
mixture of lithium bis(trifluoromethane sulfone) imide and 2-oxazolidinone, they 
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achieved a capacitance of 187 F g
-1
. However, this value dropped down to 30 F g
-1
 at 
a current density of only 0.5 A g
-1
. We believe that low pyrolysis temperature in their 
work may resulted in lower conductivity of carbon, which in turn reduced the rate 
performance. Herein, we attempt to retain the high power rate capability of our porous 
carbon nanofibers after activation. We adopt a standard chemical activation procedure 
and replace NaOH with KOH due to the recent success of KOH activated graphene 
[13].  
The activation process changes the chemical functional groups on the carbon surface, 
which is expected to affect the affinity of the EMIm cation and TFSI anion to the 
carbon and change the behavior of the ions entering and exiting the nanopores of the 
nanofibers during charge storage. The mechanism of ion dynamics in EDLCs has 
been barely investigated so far. An understanding of the charging/discharging 
behavior of ionic liquids in the pores of CNFs can be extremely helpful in terms of 
designing future materials. In this study, a combination of standard electrochemical 
measurements and in situ infrared spectroscopy (infrared spectroelectrochemistry) 
will allow one to monitor ion dynamics during operation of EDLCs. Followed by the 
success of previous studies with ruthenium oxide, carbon onion, and carbide derived 
carbon using infrared spectroelectrochemistry, we would like to extend this technique 
to monitor concentration changes of the EMIm cation and TFSI anion in differen  
materials: non-activated porous CNFs and activated porous CNFs. We prefer the 
readers to the work by Richey et al [68, 69] for a full description of experimental 
detail. Unlike previous materials, freestanding binder-free CNFs have a high enough 
electrical conductivity that the thin gold current collectors were no longer required, 
and the in-situ IR setup was greatly simplified. This further confirms the benefits of 
using free-standing electrodes without binder.    
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4.2. Experimental 
 
4.2.1 Fabrication of porous CNFs 
 
As described in section 2.2.1, porous CNFs were obtained by carbonization of 
electrospun nanofibers of Nafion and PAN. For this study in ionic liquid, the 
electrospun nanofibers were stabilized by heating to 280 
0
C at a rate of 5 
0
C min
-1
 
under an air environment, then carbonized by heating to 700
0
C at a rate of 5
0
C min
-1
 
and held at 700
0
C for 1h under an inert atmosphere. The carbonized fibers were then 
heated to 1000
0
C (the previous temperature was 800 
0
C), and held for 1h to improve 
the conductivity in order to achieve a better performance in low conductivity 
electrolytes like ionic liquids.  
 
4.2.2 Fabrication of activated porous CNFs 
 
The porous CNF mats were also activated with potassium hydroxide (KOH, Amresco, 
reagent grade). They were soaked in 30 wt% KOH solution overnight, blotted with 
lint-free paper upon removal from the solution, and then heated to 800 °C at a rate of 
5 °C min
-1
 under a nitrogen flow. They were held at 800 °C for 30 mins. They were 
intensively washed with distilled water to remove any remaining residue.  
 
4.2.3 Nanofibers Characterization 
 
52 
 
 
 
 
The specific surface area (SSA) and pore size distribution (PSD) of CNFs was 
measured using nitrogen sorption isotherms as described in section 2.2.4. The surface 
chemistry of CNFs was characterized by X-ray photoelectron spectroscopy (XPS)  
using an ESCA PHI-5000 VersaProbe (ULVAC-PHI Inc., Japan) with Al Kα anode 
(E=1486 eV). 
 
4.2.4 Electrochemical testing 
 
 
Figure 30- Photo of a Swagelok cell setup. 
 
 
A Swagelok cell (PFA-820-6, purchased from Swagelok) setup (Figure 29) was used 
to study with 1-ethyl-3-methylimidazolium bis(trifluoromethane sufonyl)imide 
(EMIMTFSI, purchased from Io-li-tec) as an ionic liquid electrolyte. The two 
electrodes were placed on either side of a Celgard 3501 separator, and sandwiched 
between two with the two stainless steel rods (1/2” diameter). The cell was hand-
tightened upon completion. Graphite rods can also be used in place of stainless steel 
rods to provide better contact between the CNF electrode and current collector. 
However, the graphite rods absorbed a significant amount of EMIMTFSI resulting in 
a fluctuating performance. All procedures were carried out in a glove box with water 
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content below 1 ppm. The glove box had electrical feedthroughs to connect to Gamry 
Reference 600 for electrochemical measurements. Cyclic voltammetry (CV) was 
performed with various scan rates from  20 mV s
-1
 to 5 V s
-1
 in the voltage window 
from 0-3.5 V. The speicific capacitance, C, and energy density, E, were evaluated 
using the following equations:  
 
  
     
   
 
(8) 
 
  
 
 
    
(9) 
where I is current response, m is mass per electrode, υ is scan rate. Electrochemical 
impedance spectroscopy (EIS) was measured in the frequency range from 100 kHz to 
10 mHz with an alternating current amplitude of 10 mV at an open circuuit voltage. 
Note C is calculated using weight of one electrode and E is calculated for the device 
using weight of both electrodes. 
 
4.3 Results and Discussion 
 
4.3.1 Performance of non-activated porous CNFs 
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Figure 31- 4V window of porous CNFs in EMIMTFSI. 
 
 
Figure 31 shows that it is possible to open the voltage window up to 4V without 
seeing any faradic current due to degradation. Commercial devices will typically 
operate at less than 4 V for safety consideration. Besides, the weight of positive and 
negative electrodes must be close to equality to avoid the faradic current. Due to the 
nature of electropsinning on a static collector, a non-uniform thickness distribution 
occurs throughout the fiber mats. As a result, it is hard to obtain the same exact mass 
when punching out two circular electrodes. Hence, we will limit the voltage window 
down to 3.5 V for an ease of testing while keeping the mass of two electrodes as close 
as possible. Uniform thickness is achievable if we use a rotating drum to collect fibers 
during electropsinning. In the future, eleectrospinning setup will be modified for more 
uniform thickness.  
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Figure 32- CVs of carbonized pure PAN at high scan rates. 
 
 
As a control sample, we first studied carbonized pure PAN nanofibers using cyclic 
voltammetry (Figure 32). Note that all samples were carbonized at 1000
0
C for  better 
conductivity. It is interesting that carbonized pure PAN nanofibers exhibit a near 
rectangular shape at extremely high scan rate (up to 5 V s
-1
). Previously, when tested 
in the aqueous electrolyte, they showed significant diffusion resistance and could only 
operate at low scan rates. We postulate that carbonized pure PAN nanofibers contain a 
majority of ultramicropores which are not accessible to large ion sizes of EMIMTFSI. 
The only surface contributing to charge storage is the outer surface of carbon 
nanofibers. As a result, the capacitance reduced to 2 F g
-1
 in the ionic liquid 
(compared to ~ 20 F g
-1
 in the aqueous electrolyte) while the power handling 
capability increased.  
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Figure 33- CVs of porous carbon nanofibers: carbonized 40:60 PAN:Nafion, 30:70 
PAN:Nafion, and 20:80 PAN:Nafion at 100 mV s
-1
. 
 
 
Figure 33 shows the performance of different porous CNFs. We also include the 
study of carbonized PAN:Nafion 30:70 that was electrospun at 22 % solid 
concentration. For the sake of simplicity, we will refer to carbonized 40:60 
PAN:Nafion, 30:70 PAN:Nafion, and 20:80 PAN:Nafion as PN 46, PN 37, and PN 28 
respectively. All CVs remain rectangular at 100 mV s
-1
. The capacitance values of 
both PN 37 and PN 28 are higher than PN 46. This may be explained by the pore size 
distribution of these samples (Figure 34). Both PN 37 and PN 28 display two peaks at 
around 0.85 and 1.85 nm. The PN 46 also displays the same first peak while its 
second peak is shifted down to 1.3 nm. As expected, pore sizes of PN 37 and PN 28 
should be larger than PN 46 and provide more surface accessibility for ions. This is in 
the contrast to a previous study in literature, where the small pore size of around 0.7 
nm is more efficient than bigger pore sizes (above 0.7 nm) [64]. Pore size distribution 
in our materials is broad and ranges above 0.7 nm. Based on our data, we can 
conclude that higher fraction of pore sizes above 1 nm provide slightly higher 
capacitance possibly due to better accessibility. This trend is in agreement with the 
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previous study in organic electrolyte (tetraethylamonium tetrafluoroborate in 
acetonitrile) [70]. 
 
 
Figure 34- Pore size distribution of PN 46, PN37, and PN 28. 
 
 
The specific capacitances of all porous carbon materials range from 60-80 F g
-1
 at 20 
mV s
-1
.  These values drop about 15% at a high scan rate of 200 mV s
-1
 while the CVs 
still exhibit near-rectangular shape (Figure 35). Compared to 1 M H2SO4, the 
capacitance values of all samples are much lower in EMIMTFSI. This has been 
observed for many materials when switching from an aqueous to non-aqueous 
electrolytes. The decrease is not only due to bigger ion sizes of non-aqueous 
electrolytes, but also possibly due to the lower effective dielectric constant [3].  
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Figure 35- CVs of PN 37 at different scan rates. 
 
As a comparison, the specific capacitances of other carbon materials ranged from 90 
to 200 F g
-1
 when tested in EMIMTFSI. However, most of the electrochemical 
characterization of these materials was conducted either at 60
0
C or in a mixture of 
ionic liquid/solvent to increase ionic conductivity and decrease viscosity. As an 
example, treated activated carbon [71]and carbide derived carbon [64] have achieved 
a maximum of 107 and 160 F g
-1
 respectively when tested at 60 
0
C at 20 mV s
-1
. 
Although elevated testing temperature reduced the IL viscosity and allowed for 
improved diffusion, it may not be always feasible to obtain such operating 
temperature in many practical applications. Activated graphene was reported to yield 
a capacitance of 175 F g
-1
 without any significant reduction up to 400 mV s
-1
 [13, 72] 
when tested in a 1:1 EMIMTFSI : acetonitrile. The use of an organic solvent (with 
ionic liquid) nullifies the benefits of using ionic liquid electrolyte such as high voltage 
window and high temperature stability. Recently, a few reports tested on activated 
carbon and mesoporous carbon in neat EMIMTFSI at room temperature, similar to the 
testing conditions for this study. Galinski [73] studied activated coconut shell with 
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extremely high surface area of up to 3338 m
2
 g
-1
. A specific capacitance of 200 F g
-1
 
was achieved at 5 mV s
-1
, but it significantly dropped down to 90 F g
-1
 at 100 mV s
-1
.  
Vu  and co-workers [74] reported an excellent power handling capability of ordered 
mesoporous carbons with pore sizes ranging from 7 to 32 nm. The capacitance value 
reduced from 180 F g
-1 
to 120 F g
-1
 when increasing the current density from 0.5 A g
-1
 
to 25 A g
-1
 (with respect to mass of one electrode). However, their CVs displayed a 
resistive behavior at 100 mV s
-1
 compared to our samples. Besides, the complexity of 
preparation, high cost, and low density are current issues for the ordered mesoporous 
carbons [3, 75]. From these reports, it is clear that the porous CNFs exhibit a low 
capacitance compared to some carbon materials reported in the past. Nevertheless, 
they exhibit excellent power capability due to their hierarchical structure.  
 
4.3.2 Performance of activated porous CNFs 
 
 
 
Figure 36- CVs of a-PAN (left) and a-PN 37 (right) at different scan rates. 
 
Figure 36 displays the CVs of activated carbonized pure PAN (a-PAN) and 
carbonized PAN:Nafion 30:70 (a-PN37) nanofibers. The CV of a-PAN exhibits a near 
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rectangular shape at 20 mV s
-1
, and it deviates from ideal capacitive behavior at 200 
mV s
-1
. Unlike a-PAN, a-PN 37 maintains near rectangular shape up to 200 mV s
-1
. 
Table 6 provides the porosity data and the electrochemical characterization of  
various investigated materials. The capacitance of carbonized pure PAN nanofibers 
increases to 135 F g
-1
 after activation. It is rather surprising that a-PAN with much 
lower surface area and smaller pore size than PN 37 has a much higher capacitance 
than PN 37. The best performance is achieved with activated carbonized PAN: Nafion 
30:70. It has a capacitance of 180 F g
-1
 which is comparable to ordered mesoporous 
carbon and activated graphene [13, 72, 74]. The good capacitance retention at high 
scan rate of a-PN 37 outperforms many other activated carbon materials [71, 73, 76].  
The activation process adds extra pore volume as well as surface area for storing 
charge in PN 37. The pore mode and average pore size are decreased slightly after 
activation, which increases resistance as investigated by EIS.  
 
Table 6- Values of surface area, pore volume, pore size and gravimetric capacitance 
of different carbonized samples. 
Samples 
SSA 
(m
2
/g) 
Subnanometer 
Pore Volume 
(cc/g) 
Cumulative 
Pore Volume 
(cc/g) 
Average 
Pore Size 
(nm) 
Pore 
Mode 
(nm) 
Capacitance 
(F/g)
a 
PAN 339 0.13 0.13 0.54 0.52 4 
PN 37 1218 0.24 0.72 1.88 0.78 80 
a-PAN 642 0.19 0.26 0.85 0.61 135 
a-PN 37 2282 0.49 1.24 1.80 0.66 180 
a
 Capacitance was evaluated at 20 mV s
-1
.  
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Figure 37- Nyquist plots of different CNFs. 
 
Figure 37 shows the Nyqiuist plots of different CNFs with and without activation. All 
samples except non-activated PAN exhibit common features as expected for porous 
materials. They include a semicircle in the high frequency range, followed by 45
0
 
inclined diffusion line in the mid-frequency range as expected for porous materials 
[77]. Nyquist plot of non-activated carbonized PAN shows no diffusion resistance 
which cooroborates the conclusion from the voltammetric data. One interesting 
feature we observe in the EIS plot is that the semicircles are enlarged for activated 
samples. The appearance of a semicircle has been attributed to many different features. 
It can be due to: the inter-granular resistance between particles (nanofibers in our 
case), the impedance at the interface between the current collector and the fiber or to 
the interface between the fibers. A summary can be found in the paper by Portet et al 
[78]. All samples in this study were prepared in an identical manner and the data was 
reproduced several times, therefore we do not expect the impedance between the 
current  collector and the nanofiber electrode to affect the size of the semi-circle. We 
believe that the difference in the semicircle diameter between various investigated 
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samples is due to the difference in mass transport resistance. As the activation 
produces smaller pore sizes, it is expected to increase the mass transport resistance 
which in turn increases the semicircle loop. An important indicator of power handling 
capability that can be obtained from EIS study is the characteristic frequency. This 
frequency marks the point at which the resistive and capacitive impedances are equal, 
and the phase angle is equal to 45
0
 [55]. The inverse of this frequency is the relaxation 
time constant which is a quantitative measure of how fast the device can charge and 
discharge reversibly [79]. From Table 7, the non-activated CNFs have a much higher 
frequency than activated CNFs. This indicates a much better power handling 
capability of non-activated samples. The a-PN 37 (at room temperature) exhibits 
comparable frequency value to those of carbide derived carbons tested at elevated 
temperatures in EMIMTFSI.  Moreover, they exhibit much higher characteristic 
frequency compared to activated carbon as shown in the table below. 
 
Table 7- Characteristic frequency of different materials. 
Samples Characteristic Frequency (Hz) 
(Phase angle = 45
0
) 
PAN 12.4 
PN 37 1.25 
a-PN 3 0.252 
a-PAN 0.126 
Activated carbon [76] 0.063 
Carbide derived carbon
 
[64] 0.3 
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4.3.3 Ionic liquid dynamics in CNFs measured with in operando infrared 
spectroelectrochemistry (In collaboration with Dr. Francis Richey and Dr.  
Yossef Elabd)  
 
 
 
The following content is reproduced with permission from ACS Nano, submitted for 
publication. Unpublished work copyright 2014 Americal Chemical Society.  
 
 
Figure 38- In operando infrared spectroelectrochemical of (a) EMIm cation and (b) 
TFSI anion in PAN during three CV cycles from -1.5 V to + 1.5 V at a scan rate of 5 
mV s
-1
. 
 
Figures 38a and 38b show the change in concentration (C(t)-C0V, gEMIm-TFSI / 
gElectrode) of the EMIM cation and TFSI anion, respectively, in PAN as a function of 
time for a series of three CV cycles from -1.5 V to +1.5 V at 5 mV/s scan rate. C0V 
and C(t) are the initial and time-dependent of integrated absorbance of ions 
respectively, which were converted to mass through calibration. We should expect a 
decrease or increase in the change in concentration if ions enter or exit pores 
respectively since pores are blocking infrared signal. There is minimal change in 
concentration for both the cation and anion over the course of the CV cycles since 
there are no pores within the fibers for the ions to enter and exit during charging and 
discharging. This behavior confirms the previous result of voltammetric study and 
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similar to behavior of the previously published results on non-porous onion-like 
carbon particles.  
 
 
Figure 39- In operando infrared spectroelectrochemical results of EMIM cation and 
TFSI anion in PN37 during three CV sweeps from 0 to 1.5 V. 
 
 
Unlike PAN, the concentration of both the EMIm cation and TFSI anion for PN 37 
decrease as the voltage increases from 0 to 1.5 V indicating that the cations and 
anions enter the pores together (Figure 39). This result was expected due to the strong 
interaction between the EMIm cation and the TFSI anion and is similar to previous 
results on EMIm-TFSI ions entering CDC nanopores during charging.  
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Figure 40- In operando infrared spectroelectrochemical results of EMIM cation and 
TFSI anion in a-PN37 during two CV sweeps from 0 to 2.0 V (left), and illustration 
showing ion adsorption/desorption in/out of pores (right). 
 
An interesting behavior is observed upon switching to a-PN37. The EMIM cation 
concentration increases and the TFSI anion concentration decreases, as the voltage 
increases from 0 to 2V (Figure 40). This means the anions enter the pores of the a-
PN37 at the same time as the cations are expelled from the pores. As shown in Table 
6, the average pore size of the PN 37 does not change with KOH activation. This 
remarkably different behavior of the EMIm cation and TFSI anion seems to be caused 
by a change in the interactions of the ions with the pores themselves, i.e., higher 
affinity for one ion over the other. X-ray photoelectron spectroscopy (XPS) results 
show that KOH activation decreases the nitrogen content (from 3.8 to 0.8%) in the a-
PN37, but increases the oxygen content (from 2.9 to 4.9%) (Figure 41). A summary 
can be found in Table 8. Additional oxygen groups are presumed to add a small 
negative charge to the carbon surface and make the pores more favorable to the 
cations since the presence of carboxylic acid groups would allow for EMIm cations to 
be exchanged with the proton of the carboxylic acid group. Therefore, it is likely that 
the EMIm cations are initially residing in pores, and they are expelled and replaced 
with anions during charging. This behavior was also observed for activated PAN. As 
we know from the previous section, activated PAN had a smaller pore size and lower 
surface area than PN37, but it had a higher capacitance than PN 37. This study shows 
that there is a fundamental difference in ion transport between the activated and non-
activated sample. Therefore, it may partially explain the better performance of 
activated samples in terms of gravimetric capacitance compared to non-activated 
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samples. It is also served as a guideline for future design of materials as electrodes for 
ionic liquid based EDLCs. 
 
 
Figure 41- XPS of PAN, PN37 and a-PN37. 
 
 
Table 8- A summary of element composition in different materials. 
Samples C N O F 
PAN 90.4 6.8 2.8 0 
PN 37 92.5 3.5 2.9 0.8 
PN 37 KOH 94.3 .8 4.9 0 
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CHAPTER 5: ELECTRODEPOSITION OF POLYANLINE ON POROUS 
CARBON NANOFIBERS 
 
5.1 Introduction 
 
Polyaniline (PANI) has been considered as a promising material for supercapacitors 
due to its high theoretical specific capacitance, relative high conductivity, and ease of 
synthesis. It provide a theoretical capacitance of 750 F g
-1
 with the assumption of 0.5 
dopant per polymer unit and 0.7 V potential window [18]. When doped, polyaniline 
conductivity can vary from 0.1-5 S cm
-1
. Polyaniline exists in three different oxidation 
states: leucoemraldine (fully reduced), emeraldine (half oxidized), and pernigraniline 
(fully oxidized). At low pH, these states can get partially or fully protonated. Figure 
42 shows the electrochemical oxidation of leucoemeraldine to emeraldine, and finally 
to pernianiline through the loss of electron.  These reactions are also associated with a 
gain or loss of protons and anions.  Most of studies in the past have been carried out 
in an acidic solution, which is often linked with high activity of polyaniline. The 
redox reactions will follow path 1 and 2 in Figure 42. Several reports [80-82] also 
tried to study in nonaqueous electrolytes, where redox reactions will follow path 1 and 
3, to increase the voltage window.  Herein, we will try to study in an acidic solution 
before moving on to other electrolytes.   
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Figure 42- Electrochemical oxidation states of polyaniline. Reprinted from [83], 
Copyright (2005) with permission from Elsevier. 
 
 
A key challenge with PANI is its low cycle life due to the swelling and shrinking 
during the doping/dedoping process [84]. As an example, when path 1 in Figure 41 
takes place, polyaniline expands due to anion insertion. A thick PANI film will suffer 
an inefficient utilization at high power due to the long diffusion path length of ions. 
PANI with various nanostructures have been fabricated to reduce the diffusion path 
length; however, the reported sizes are still in the range of 50-300 nm [85]. Growth of 
nanostructured PANI on carbon based materials is often reported and provides an 
extremely high capacitance and good cyclability. An example is the growth of PANI 
on porous carbon monolith [86]. The obtained specific capacitance with respect to 
PANI weight was 1580 F/g, which is not clear as it’s higher than the theoretical value 
of PANI. However, the specific capacitance with respect to the total mass of PANI 
and carbon support was only about 300 F/g. These composites are often impractical 
for commercialization due to either complicated fabrication methodologies, limited 
scalability or insignificant capacitive contribution from the carbon substrate resulting 
in significant dead mass [20]. Moreover, most works in the past synthesize powder-
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based electrodes. In this work, we demonstrate that conformal growth of 
nanostructured PANI on porous carbon nanofibers offers both high specific 
capacitance as well as stability upon cycling.  
PANI can be deposited on carbon materials by either chemical or electrochemical 
method. Powder based electrodes are often obtained through the chemical method. As 
an example, previous studies have obtained a whiskerlike or needlelike structure of 
PANI on graphitized CNFs [84, 87] by using oxidative polymerization. Before 
polymerization, fiber mats were ultrasonicated to obtain a uniform suspension of 
fibers. This resulted in loss of the freestanding morphology of CNFs. Subsequently, 
the obtained PANI/CNF powder needed to be mixed with a binder and conductive 
filler before coating on the current collector, resulting in reduced performance 
compared to freestanding materials. In contrast to chemical deposition, 
electrodeposition can be carried out on fabricated porous CNFs, while preserving their 
freestanding morphology. Moreover, the electrodeposited PANI has been shown to 
exhibit higher specific capacitance than chemically formed PANI [18]. It is also 
believed that using electrodeposition would produce films with superior adhesion and 
smoothness [88, 89] . For these reasons, PANI will be coated on porous CNFs using 
different electrochemical methods which include potentiodynamic, potentiostatic, and 
galvanostatic techniques. 
Several reports deeply investigated the effect of electrochemical method on planar 
substrates, e.g platinum [90] and  stainless steel [91]. Generally, they concluded that 
potentiodynamic method produced a more uniform polyaniline film due to 
interruption of polymerization between consecutive sweeps. This conclusion was also 
confirmed by Bleda-Matinez and co-workers [92] when electrodepositing PANI on 
high surface area activated carbon. However, they preferred potentiostatic method due 
70 
 
 
 
 
to the formation of a more porous film which resulted in higher capacitance. They 
explained that the polymer growth during potentiostatic was continuous and fast, 
which favored the development of a porous film while polymer growth during 
potentiodynamic was interrupted and the deposited polymer chains had time rearrange 
themselves to occupy less space. However, the morphology characterization did not 
reveal any information on PANI morphology due to interference of the activated 
carbon and the binder. To our best knowledge, there is not yet systematic study of  
PANI electrodeposition on free-standing substrates which do not require binders to 
form electrodes. Most reports on electrodeposition on free-standing substrates picked 
a method without any clear explanation. As an example, several reports chose 
potentiodynamic for activated CNFs [93], carbon nanotube array [94], and multi-
walled carbon nanotubes coated carbon paper [95]. Others chose potentiostatic and 
pulse potentiostatic on graphene paper [96] and carbon cloth [97] respectively. Some 
studies combined potentiodynamic or potentiostatic for an initial nucleation and 
galvanostatic for a slow deposition on carbon cloth [98, 99]. There was no 
comparison between difference techniques in these reports. Moreover, these reports 
typically showed distorted cyclic voltammetries (CVs) at a maximum scan rate of 100 
mV s
-1
. Here, we provide a systematic comparison of the three electrodeposition 
techniques, namely, potentiodynamic, potentiostatic and galvanostatic, on non-porous 
and porous carbon nanofibers which are both free-standing substrates. The non-
porous carbon nanofibers serve as a control sample and a substrate of choice for initial 
studies on PANI electrodeposition. The porous carbon nanofibers are then utilized for 
PANI deposition to combine both aspects: double layer capacitance from porous 
carbon nanofibers and pseudocapacitance from polyaniline. We achieve a composite 
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capacitance of 366 F g
-1
 and an area-normalized capacitance of 1.7 F cm
-2
. The CVs 
show a near-rectangular shape with well-defined redox peaks up to 200 mV s
-1
.  
 
5.2 Experimental  
 
5.2.1 Polyaniline Deposition on Porous Carbon Nanofibers 
 
 Aniline (purchased from Alfa Aesars) was dissolved in 1M H2SO4. Previously 
fabricated carbonized pure PAN and Nafion:PAN 70:30 were used as substrates for 
deposition. We will refer to these substrate samples as NP-CNFs and P-CNFs 
respectively, where ‘NP’ stands for non-porous, and ‘P’ stands for porous. NP-CNF 
will serve as the control sample/substrate. The electrochemical polymerization of 
PANI on these substrates was carried out using a three-electrode cell containing 
Ag/AgCl as reference electrode and a platinum mesh as counter electrode. All 
reported potentials are versus Ag/AgCl. A T-type Swagelok cell was employed as 
shown in Figure 42.  
 
 
Figure 43- Photo of setup for electrodeposition of PANI on CNFs. 
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In this setup, a graphite rod of ½” diameter was used as the current collector. A ½” 
CNF mat was placed between the graphite rod and a porous stopper and the assembly 
was compressed to minimize the contact resistance. The reference electrode was 
positioned such that it is sufficiently close to CNFs for lower solution resistance. The 
solution resistance was kept below 1 ohm before each measurement to provide a 
consistent voltage reading. We studied three different electropolymerization 
techniques involving sweeping voltage between -0.1 and 1 V (potentiodynamic), 
holding a constant potential at 0.8 V (potentiostatic), or holding a constant current 
density at 9 mA (galvanostatic). After deposition, samples were thoroughly washed 
with DI water and dried at 60
0
C for at least 2 hours.  
 
5.2.2 Electrochemical and structural characterization 
 
The deposited materials are electrochemically tested by using cyclic voltammetry 
with various scan rates from  20 mV s
-1
 to 200 mV s
-1
 in the voltage window from -
0.1 to 0.65 V. The composite capacitance, CPANI/C (F gPANI/C
-1
), is calculated by using 
the following equation: 
 
        
 
 
 
   
 
(10) 
 
      
     
 
  
 
 where m, V, and υ are mass of composite, voltage window and scan rate. The integral 
was done by using quick integrate feature of Echem Analyst software. The specific 
capacitance of polyaniline, CPANI (F gPANI
-1
), was caculated by the folowing equation: 
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 (11) 
where Csubstrate and msubtrate  are specific capacitance and mass of NP-CNFs or P-CNFs 
repsectively, and mPANI is mass of PANI. The external morphology of electrospun 
nanofiber mats was characterized using scanning electron microscopy (Zeiss Supra 
50VP). 
 
5.3 Results and Discussion 
 
Analytical studies on electropolymerization of PANI on planar substrates have been 
carried out in the past [100-102]. Electropolymerization depends on many factors: i) 
concentration of aniline, ii) concentration of electrolytes, iii) nature of the technique: 
potentiodynamic, potentiostatic or galvanostatic. A schematic representing the 
electropolymerzation mechanism of aniline is shown in Figure 44.  In general, 
electropolymerization begins with aniline oxidation to form a radical cation which 
then reacts with a second radical cation to give a dimer while eliminating two protons 
[103].  The dimer or oligomer will then oxidize and react with another radical cation 
to build up the polymer chain. The number of electrons consumed during 
electropolymerizing varies from 2.2 to 2.6 per aniline unit. Several groups have 
proposed an autocatalytic mechanism after the formation of short chain oligomers, 
wherein short chain oligomers are oxidized and incorporate aniline (not aniline 
radical) at their chain end. The resultant chain is again oxidized to incorporate another 
monomer aniline and so on [90, 100]. As a result, the number of electrons consumed 
during autocatalytic polymerization reduces to 2.0.   
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Figure 44- Mechanism of aniline electropolymerization [103]. 
 
 
 
Figure 45- Cyclic voltammetry during aniline electropolymerization using 
potentiodynamic technique at a scan rate of 20 mV s
-1. 
 
We first carried out electropolymerization using potential sweep between -0.1 and 1.0 
V at scan rate of 20 mV s
-1
 in solution containing 0.1 M aniline and 1M H2SO4.  
Figure 45 shows the CVs during PANI deposition on carbon nanofibers. Multiple 
75 
 
 
 
 
redox peaks appeared, indicating the complexity of electropolymerization. A broad 
anodic peak E appears at 0.84 V due to oxidation of aniline. This peak disappeared on 
the second cycling. Overall, there are four redox peaks (A/A’, B/B’, C/C’, D/D’) that 
increase with cycling indicating increase in PANI. These features are similar to 
previous studies on platinum working electrode [100, 101].  Peak A and A’ 
correspond to conversion between oxidized emeraldine salt (ES) and reduced 
leucoemeraldine (LB), while peak D is assigned to the oxidation of polymer to form 
diradial dication (pernigraniline PB) and D’ is the corresponding reduction. The 
pronounced appearance of well-defined redox peaks B/B’ and C/C’ are attributed to 
the degradation products.  
 
 
Figure 46- CV after depositing PANI using potential sweep at 20 mV s
-1
 in 0.1 M 
aniline. The scan rate is 20 mV s
-1
. 
 
After deposition for three cycles, the sample was removed and thoroughly washed 
with DI water. Loose flakes are seen on the fiber mat and washed away with water 
indicating poor adhesion of the deposited material. When electrochemically tested in 
1M H2SO4 without aniline, a near-rectangular CV combined with two reversible redox 
peaks was observed (Figure 46). These redox peaks are located at the potential 
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associated with the presence of byproducts, namely, hydroquinone and p-
hydroxydiphenylamine suggesting little or no PANI was formed during the deposition 
[100, 102]. Several papers in the literature that study the fabrication of polyaniline-
based electrodes have incorrectly assigned these peaks to the conversion between ES 
and PB [84, 104, 105]. These byproducts, although provide reasonable capacitance 
via reversible reactions, however, they are expected to leach out with time and 
deteriorate the stability of such devices.  
Investigations by Duic et al [106] pointed out that the distribution between by-
products and polymer depends on monomer/radical cation ratio. The higher 
monomer/radical cation ratio will favor a polymerization reaction over by-products 
formation. Parameters, such as initial concentration of aniline, potential limit, and 
scan rate can affect the monomer/radical cation ratio. As an example, when the initial 
aniline concentration is low, the aniline cation radicals will react to each other to form 
dimers (p-amino-diphenylamine), which then subsequently get oxidized to produce 
hydroquinone and p-amino-diphenylamine (Figure 47).   
 
 
Figure 47 - Mechanism for the formation of hydroquinone and p-
hydroxydiphenylamine during polyaniline deposition. Reprinted from [100], 
Copyright (1992), with permission from Elsevier.  
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Figure 48 - CV after depositing PANI using potential sweeping at 20 mV s
-1
 in 0.5 M 
aniline. The scan rate is 20 mV s
-1
. 
 
 
 
Figure 49 - SEM after depositing PANI using potential sweeping at 20 mV s
-1
 in 0.5 
M aniline. 
 
We repeat electropolymerization with a higher aniline concentration of 0.5 M and a 
slightly revised pontetial sweep (-0.1 to 0.9 V) to minimize the formation of by-
products. As a result, CV (Figure 48) after PANI deposition (25% loading) for 5 
cycles shows a well-defined peak at 0.2 V, which correspond to the transformation of 
LB to ES. By-product peaks are greatly suppressed. However, there is difficulty of 
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control the amount of deposited PANI on CNFs. Besides, further increasing number 
of cycles during potentiodynamic deposition resulted in growth of PANI on the outer 
layer of CNFs which was easily washed away with water. SEM image (Figure 49) 
also shows a non-uniform coating of PANI on CNFs. By switching to other methods, 
such as potentiostatic and galvanostatic, we can control the amount of charges passing 
during electropolymerization, which in turn control the amount of polyaniline if 
assuming 2.4 consumed electron per aniline unit.  
We studied two different alternate techniques: potentiostatic and galvanostatic. The 
basic difference between these two lies in the current density during deposition. 
Previous reports [90, 92, 96] on potentiostatic method utilized a constant potential in 
the range from 0.8 to 1V. When we started out with holding constant potential at 0.8 
V, the current density during electrodeposition was about 150 mA, as also seen in 
Figure 46. This extremely high current density resulted in a fast growth of polymer. 
Therefore, potentiostatic is associated with high current density and fast growth. In 
constrast, galvanostatic can be conducted to control the current density in a well 
manner. In this study, we choose the constant current density of 9 mA which is an 
order of magnitude less than the current density during potentiostatic. The difference 
in current density between two techniques is expected to greatly affect the kinetics of 
electropolymerization and morphology of the deposited PANI. Based on findings 
from the study on potentiodynamic deposition method, all subsequent depositions 
were carried out in solutions containing 0.5 M aniline and 1 M H2SO4. 
 
79 
 
 
 
 
 
Figure 50 - CV after depositing PANI on NP-CNFs by holding at 0.8 V for 20 
seconds at 100 mV s
-1
. 
 
 
Figure 51 – SEM after depositing PANI on NP-CNFs by holding at 0.8 V for 20 
seconds. 
 
For potentiostatic electropolymeization, we held the potential at 0.8 V for 20 seconds 
during electropolymerizing. This amounts to a total charge of 2.6 C, which  
corresponds to 1.03 mg of deposited PANI if assuming 2.4 consumed electrons per 
aniline unit. The actual weight of deposited PANI was measured to be 1.0 mg which 
is close to the theoretical value. Figure 50 shows the CV of PANI deposited on NP-
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CNFs (non-porous carbon nanofibers) at 100 mV s
-1
. The y-axis shows the 
capacitance of the complete composite including the weight of PANI and NP-CNFs. 
Assuming a contribution of 20 F g
-1
 from NP-CNFs substrate, the specific capacitance 
of PANI can be estimated to be 520 F gPANI
-1
. This value is comparable to several 
earlier studies [92, 96]. The SEM image (Figure 51) shows non-uniform and non-
conformal coating of PANI on NP-CNFs, which is similar to previous works on other 
carbon nanofiber-based substrates. Such lack of contact/interface between polyaniline 
and carbon as well the large particle size of PANI is expected to limit the operating 
scan rate. Moreover, the poor adhesion between PANI and NP-CNFs prevents the 
deposition of higher fraction of PANI. We found that deposition time of more than 20 
seconds resulted in flaky morphology of the resultant samples and no enhancement of 
effective final (post washing) mass of the material was seen. 
  
 
Figure 52 - CV after depositing PANI on NP-CNFs by keeping current density at 9 
mA for 600 seconds. The scan rate is 100 mV s
-1
. 
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Figure 53- CV after depositing PANI on NP-CNFs by keeping current density at 9 
mA for 600 seconds. 
 
 
For the galvanostatic method, we kept the current density constant at 9 mA for 600 
seconds for electropolymerization. The amount of charge passing during galvanostatic 
is 5.4 C, which is corresponds to about 2.15 mg of deposited PANI if assuming 2.4 
consumed electrons per aniline unit. The weight of deposited PANI is measured 
around 3.0 mg, which is higher than the estimated value. It is possible that the number 
of consumed electron per unit aniline in galvanostatic is smaller than potentiostatic 
method. It indicates a higher efficiency of the galvanostatic method. We also notice 
that the weight of PANI reduced by as much as 20% after holding the deposited PANI 
at potential below -0.1 V. This indicates that the deposited PANI is in the doped state 
with ion insertion. As a result, the measured weight, which accounts for both PANI 
and ions, is greater than the estimated weight. Figure 52 shows the CV of 
galvanostatically-deposited PANI on NP-CNFs. The specific capacitance of PANI 
was only 350 F gPANI
-1
. This is significantly lower than the specific capacitance of 
PANI deposited potentiostatically. This is rather surprising since the SEM image 
(Figure 53) shows a very uniform and conformal coating of PANI on NP-CNFs. A 
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closer look at the CVs of two different methods reveals a difference in the shape. At 
the lowest potential of -0.1 V, the CV of PANI using galvanostatic method is more 
rectangular than PANI using potentiostatic method. The -0.1 V potential corresponds 
to leucoemeraldine, which is an insulating material. The fact that the CV of 
galvanostatically deposited PANI responds well to the sweeping potential at -0.1V 
indicates that some of PANI is still in emeraldine salt, which is highly conductive. 
This implies an incomplete reduction at this potential. In order to fully reduce PANI, 
we expanded the testing potential down to -0.3 V. As seen in Figure 54, there is a 
tremendous increase in the intensity of the redox peak corresponding to conversion 
between LB and ES. The specific capacitance increased to 525 F gPANI
-1
 even after 
switching the lower limit of the potential back to -0.1 V for subsequent cycles. We 
think that the PANI deposited galvanostatically exhibits a broad distribution of 
oxidation states. As a result, a lower potential limit is needed in the first cycle to fully 
reduce these oxidized states. Complete reduction at -0.3V in the first cycle, leads to a 
uniform oxidation state throughout the deposited polyaniline and allows uniform 
charging and discharging within the voltage limit of -0.1-0.7 V. Galvanostatic method 
allows us to easily control the amount of deposited PANI by controlling the 
deposition time, results in conformal coating (unlike potentiostatic method) and 
results in high specific capacitance. We further investigated this method on porous 
carbon nanofibers (P-CNFs) with the aim to integrate double layer capacitance of P-
CNFs) and pseudocapacitance of PANI.  
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Figure 54- CV after depositing PANI on NP-CNFs by keeping current density at 9 
mA for 600 seconds. The scan rate is 100 mV s
-1
. The voltage window expands to -
0.3 V. 
 
 
 
Figure 55 – CV after depositing PANI on P-CNFs by keeping current density at 9 
mA for 600 seconds at different scan rates. 
 
Figure 55 shows the CV for galvanostatically-deposited (9 mA cm
2
, 600 seconds) 
PANI on P-CNFs. The first cycle with a lower potential limit of -0.3 V is not shown. 
PANI composition in the tested PANI/P-CNF sample was 38 wt%. The specific 
capacitance of PANI was 560 F gPANI
-1
 , while the specific capacitance for the 
composite was 320 F gPANI/C
-1
. This value is almost twice as the specific capacitance 
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of uncoated P-CNFs. Cyclic voltammetry curves and specific capacitance remain as-is 
upon increasing the scan rate to 200 mV s
-1
.  There is only a small shift in the 
potential at which the redox reactions take place with increasing scan rate. Table 9 
summarizes the capacitances of various PANI/CNFs composites studied. As shown in 
Table 9, at a similar loading of PANI, the PANI/P-CNF composite capacitance is 
much higher than that of PANI/NP-CNFs sample. This is due to the higher 
capacitance contribution of P-CNFs (180 F g
-1
) compared to NP-CNFs (20 F g
-1
). This 
work demonstrates the fabrication of a true hybrid device integrating electric double 
layer and pseudo capacitance. Higher loading of 50 wt% PANI on P-CNFs results in 
no loss of specific capacitance of PANI.  
Table 9- Values of capacitances after electropolymerizing using galvanostatic method. 
Sample 
Mass 
before 
(mg) 
Mass 
after 
(mg) 
PANI 
wt% 
CPANI  
(F g
-1
) 
CPANI/C  
(F g
-1
) 
CPANI/C 
 (F cm
-3
) 
CPANI/C  
(F cm
-2
) 
PANI on NP-CNFs 4.4 7.7 43% 523 230 78 1.4 
PANI on P-CNFs 3.7 6.0 38% 545 320 101 1.5 
PANI on P-CNFs 3.0 5.9 49% 560 366 142 1.7 
* All capacitance values are evaluated at 100 mV s
-1
.  
 
 
A few reports have investigated electrodeposition of PANI on carbon fibers. Yang et 
al [93] reported vein-like nanostructured PANI on activated CNFs using 
potentiodynamic approach (Figure 56). The CV shape is distorted even at a low scan 
rate indicating high resistance possibly due to larger polyaniline particle size. There is 
no well-defined peak associated with the transformation of different oxidiation states 
of polyaniline. Their capacitance values dropped off quickly with increasing 
discharge current density.  
 
 
85 
 
 
 
 
  
Figure 56- SEM image of PANI on activated CNFs (left), and CVs of the composite 
at different scan rates (right). Reprinted from [93], Copyright (2011) with permission 
from Elsevier. 
 
 
Cheng et al [107] deposited PANI on etched carbon fiber cloth by combining two 
different techniques: potentiostatic for initial nucleation and galvanostatic for a 
uniform deposition. They obtained a uniform PANI nanowire coating, which showed 
a specific capacitance of 673 F g
-1 
 and an area-normalized capacitance of 3.5 F cm
-2 
(Figure 57). However, the composite capacitance was only 210 F g
-1 
 due to the little 
capacitance contribution of etched carbon fiber cloth. We achieved a composite 
capacitance of 366 F g
-1
. Even though our area-normalized capacitance of 1.7 F cm
-2
 
is lower than their report, it can be improved by increasing the thickness of the 
working electrode or loading of PANI.  
 
86 
 
 
 
 
   
Figure 57- SEM image of PANI on etched carbon fiber cloth (left), and the composite 
capacitance with different amounts of PANI loading (right). Reprinted with 
permission from [99]. Copyright 2011 American Chemical Society. 
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CHAPTER 6: MOLECULAR DYNAMICS SIMULATION OF 
PHASE SEPARATING POLYMER BLENDS UNDER 
ELONGATIONAL FLOW 
 
The following content is reproduced by permission from AIP.  
6.1 Introduction 
 
The structures and kinetics of phase separation in binary mixtures under the effect of 
external fields have attracted a lot of interest over the years. A fundamental study of 
these systems is necessary for controlling pattern formation during the blending 
process for multi-functional materials. It is well known that during the quenching of a 
homogenous system into the a two-phase region in quiescent conditions, the domain 
growth follows a power law, R(t) ~ t
α
 [108, 109], where the growth exponent, α, 
depends on the transport mechanism that drives segregation. Lifshitz-Slyozov theory 
[110] describes the domain growth for immiscible solid mixtures with an α of 1/3 
(diffusive regime). Growth follows a different mechanism in immiscible fluid 
mixtures due to advection effects [111]. Siggia [112] was the first to predict a viscous 
regime in fluid mixtures, where domain size grows linearly with time during the 
intermediate stage of phase separation. At a sufficiently large elapsed time, Furukawa 
[113] predicted a growth exponent of 2/3 (inertial regime), where the inertia 
dominates the advection of fluids. We refer the reader to a review article by Bray for a 
detailed summary of domain growth in various mixtures under quiescent conditions 
[111]. On imposing external fields, the kinetics of phase separation became rather 
complicated due to the interplay between the deformation/rupture of domains and the 
hydrodynamics of interfaces. Several studies in the past few decades have focused on 
phase separation of binary immiscible fluid mixtures under shear fields. Shear flow 
has been shown to induce the growth of anisotropic domains [114-117], such as string 
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phases [118] in binary molecular fluid mixtures. In addition, kinetically-trapped 
metastable states, such as parallel stacks, perpendicular stacks, or multiple stacks, 
have been seen under shear flow [119]. Effect of shear flow on immiscible polymer 
blends has also been studied in the past. In quiescent conditions, a polymer blend is 
typically found to phase separate completely due to the ultralow entropy of mixing 
[109]. Under moderate shear flow, both experimental [120, 121] and computational 
[122-124] studies have shown the formation of string-like patterns or layered 
structures oriented parallel to the flow direction. Increasing the shear rate beyond a 
certain rate often results in the formation of a single-phase state [122, 125, 126]. 
Although elongational flow is frequently applied in many industrial polymer 
processes, such as fiber spinning, blow molding, and biaxial stretching of extruded 
sheets, only a handful of studies investigate its effect on phase transition of polymer 
blends. In elongational flow, there is at least one direction that is continuously 
shrinking with time, making it extremely difficult to devise an apparatus in which 
steady state is achieved, particularly for slow relaxing materials like polymers. To the 
best of our knowledge, only a handful of papers have studied the effect of 
elongational flow on polymer blends. Kim et al [127, 128] experimentally observed  
the formation of elongated fibrillar domains in poly(styrene-co-
acrylonitrile)/poly(methyl methacrylate)blends under elongational flow at a 
temperature above its lower critical solution temperature. However, the study was 
carried out for a short time period and steady state could not be reached. A few works 
have studied the effect of elongational flow on block copolymer self assembly. Lee et 
al [129] studied the effect of uniaxial extensional flow on oriented polystyrene-block-
polyisoprene-block-polystyrene triblock copolymer. They observed an increase and a 
decrease in domain spacing respectively under parallel and perpendicular extension 
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(relative to the lamellar orientation). A morphology change from hexagonally-packed 
cylindrical macrodomains of polystyrene to fragmented cylindrical macrodomains 
was seen beyond a certain elongation rate and Hencky strain. Another study on 
oriented lamellar diblock copolymer showed that the lamellae preferred to orient such 
that they are perpendicular to the applied flow direction under small strain rate [130]. 
Most past studies have focused on effect of extensional flow on pre-oriented 
structures and satisfactory understanding of elongational flow on phase separating 
systems has not been achieved experimentally. Study of elongational flow via 
molecular dynamics (MD) simulations has been plagued by similar problems. The 
contraction occurring in at least one dimension, imposes a limit on the amount of time 
one can run a simulation. Recently, Kalra et al [131, 132] employed MD simulations 
to study the effect of elongational flow on self-assembly of block copolymer (BCP) 
and spatial distribution of nanoparticles within BCP. They observed a transition from 
ordered lamellar morphology to a disordered morphology at elongation rate higher 
than 0.025 MD units. This study provided fundamental insights into the effects of 
elongational flow in block copolymer systems. However, no such studies have been 
conducted for phase separating binary mixtures.    
In this paper, we study the morphology and kinetics of phase separation in immiscible 
binary mixtures under elongational flow using MD simulations, with particular focus 
on polymer blends. Our interest in studying this system under elongational flow arises 
from our recent experimental work on electrospinning [133, 134]. Electrospinning is a 
simple fiber formation technique that uses string electric field to elongate a polymer 
solution or melt jet forming ultra-thin fibers [135-138]. Our work revealed that the 
elongational flow during electrospinning significantly impacted the morphology of a 
phase separating polymer blend. The resultant materials were successfully employed 
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for energy storage applications. To overcome the issue of limited available simulation 
time due to the contraction during elongational flow, we adopted the temporally 
periodic boundary conditions developed by Kraynik and Reinelt [139]. Here the initial 
simulation box was inclined at a certain angle θ 0 to the flow direction, which 
allowed the system lattice to reproduce itself periodically after regular intervals of 
time, allowing us to run the simulation for long times. In this paper, we studied the 
steady state morphology under elongational flow for two binary systems – polymer 
blend and molecular fluid mixture. We showed that elongational flow can induce a 
transition in steady state morphology for both systems, which otherwise phase-
separate in quiescent conditions. The time evolution of domain structure and domain 
size was monitored to understand the kinetics of phase separating mixtures. The 
domain growth was shown to follow a power law with a smaller exponent for the 
polymer blend system indicating slower kinetics of phase separation compared to a 
molecular fluid mixture. To the best of our knowledge, this is the first ever MD study 
on effect of elongational flow on binary mixtures. 
 
6.2 Simulation Method 
 
Coarse-grained non-equilibrium molecular dynamics (NEMD) simulations were used 
to study the effect of elongational flow rate,   , on spatial assembly in binary mixtures. 
We considered two kinds of systems: the molecular fluid mixture and the polymer 
blend. Polymer chains were modeled as bead-rod chains with a chain length of ten 
monomers or beads. The bond length, σ, between two consecutive monomers within 
each polymer was fixed using constraints described by Bruns et al [140]. The ratio, 
A:B within the blend system was kept fixed at 1:1. To model the incompatibility 
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between dissimilar beads (A and B) they were made to interact via a purely repulsive 
Lenard-Jones (LJ) potential,      with a cutoff, rc = 2
1/6
. Such potential is often 
referred to as the Weeks-Chandler-Andersen potential [141], 
              
 
 
  
  
 
 
 
 
                       (12) 
                (13) 
                                                 
where r is the separation distance between the beads and σ and ε are LJ parameters. 
All units in the paper are non-dimensionalized with respect to fundamental quantities 
of mass (m), energy (ε), and distance (σ) as described by Daivis et al. [142]. The 
reduced/non-dimensional temperature, T* is defined as kBT/ ε, density, ρ*
 
as ρσ3/m, 
energy, U*as U/ε, pressure, P* as P σ3/ε, time, t* as t(ε/m)1/2/σ, and viscosity, η* as η 
(σ4/mε)1/2, and elongation rate,   *=   σ(m/ε)1/2. All fundamental quantities have been 
set to unity, and the asterisks have been removed from the reduced parameters. To 
model the compatibility between like monomers (A-A or B-B), the cutoff distance rc 
was increased to 2.5 such that the potential exhibited an attractive tail. This 
interaction together with the repulsive A-B potential ensures that the system 
undergoes phase separation upon quenching to the temperature below a certain critical 
temperature. Yamamoto and Zeng [118] estimated that this critical temperature was 
roughly between 5 and 10 in MD reduced units for a symmetric binary mixture. The 
molecular fluid mixture in this study was modeled using the same potential as those in 
polymer blend without any bond constraints. 
To implement elongational flow, we adopted the algorithm first proposed by 
Todd and Daivis using the temporally periodic boundary conditions devised by 
Kraynik and Reinelt [21, 22, 139]. Here, we started the simulations with an initial 
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box/lattice inclined at an angle θ0 = 31.7
 o
 to the direction of elongation (x). Kraynik 
and Reinelt showed that for certain discrete values of θ, the lattice is both spatially 
and temporally periodic. This lattice repeats itself at integer multiples of a fixed strain 
termed as “Hencky strain (  )”, which was chosen to be 0.9624. Hence, the system 
remained temporally periodic at times t = nτp, where n is an integer multiple and τp = 
     . The boundaries of the simulation lattice evolved according to Eq. (2) that was 
obtained by integrating the governing equation of motion (Eq. (3)). At t = τp, the 
lattice reproduced itself. If any particle/bead was outside of the lattice boundaries at 
any step, it was appropriately translated in x, y, and z directions, such that it re-entered 
the test simulation according to the deforming brick scheme as described by Todd and 
Daivis [21].  
                      (14) 
 
                      
(15) 
We used the SLLOD equations of motion to implement elongational flow 
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        (17) 
          
where ri,v  , pi,v , mv are the position vector, peculiar momentum, and mass of the vth 
bead, respectively, δui/ δxj is the velocity gradient, and α is the Gaussian thermostat 
multiplier.  
 
   
   
  
    
     
   
  (18) 
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(19) 
Fifth order Gear predictor-corrector algorithm was employed to solve the differential 
equations with an integration time step of 0.005 for elongational flow rates of less 
than 0.1, and of 0.001 for higher elongation rates. Our system consisted of 4000 beads 
(or 400 polymer chains). The site density ρ was kept at 0.85, and the temperature T 
was fixed at 1.0 using the Gaussian thermostat. Again, the reported quantities are 
reduced parameters without asterisks as mentioned above. At this density and 
temperature, polymer chains with a chain length of ten beads exist in a non-entangled 
melt state [143, 144]. The simulations were run for two million steps, which were 
sufficiently long for systems to reach steady states.  
 
       
 
 
 
        
  
  
 
            
  
   
 (20) 
    
       
   
 (21) 
where ri vμ , Fj vμ are the position and force of the vth bead relative to the μth one (i,e. 
ri vμ = ri,v- ri μ , Fi vμ = Fi,v- Fi μ). Note the simulation was run such that the system 
elongated along the x-axis and  contracted along the y-axis, while z-axis served as the 
neutral direction. We also monitored the radii of gyration and mean square end to end 
distances with time. The domain size was calculated using the structure factor [144]  
         
  
                
 
  
   
      
 
  
                
 
  
   
 (22) 
where ri(t) is the position vector of the ith bead at time t and k is the wave vector 
satisfying 
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where Lx, Ly, Lz are the lengths of the simulation box in x, y, and z directions 
respectively. Since Lx and Ly are evolving with time, we only monitored the domain 
size in z-direction. The domain size, Rz(t), was defined as the first moment of the 
structure factor  
           
        
  
    
           
  
    
  (6) 
where kc is the appropriate large wave cutoff vector to eliminate short range ordering. 
In this case we chose kc to be π  σ    
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6.3 Results and Discussion  
 
 
Figure 58- Steady state snapshots of a polymer blend undergoing phase separation 
under elongational flow.  The results correspond to different elongational rates: a) 
0.001, b) 0.005, c) 0.01, d) 0.05, e) 0.1, and f) 1.0. 
 
In Figure 58, we present the snapshots of a binary polymer blend at steady state after 
quenching under different elongational flow rates. At a low elongation rate of 0.001 
MD units, a phase-separated two-phase state was formed along the transverse 
direction (x-direction) (Figure 58a). At higher elongation rates (up to 0.05), the 
orientation of the phase separated state transitioned from transverse to the 
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perpendicular direction (z-direction) (Figure 58b, 58c). Note in accordance to the 
terminology used in shear flow studies in the past, we assigned the lamellae or phase 
separated domains with normal in the flow direction (x) as transverse orientation, with 
normal in the contraction direction (y) as parallel orientation, and with normal in the 
neutral direction (z-direction) as perpendicular orientation [145]. Further increasing 
elongation rate resulted in a perpendicular lamellar morphology (Figure 58d, 58e). At 
extremely high elongation rates, a disordered morphology was formed (Figure 58f). 
We then conducted a similar study on a binary fluid mixture. A summary of steady 
state configurations for both the polymer blend and the binary fluid mixture under 
different elongation rates is provided in Table 10.  
 
Table 10- Steady state configurations for two systems under different elongation rates. 
Elrt Polymer blend Fluid mixture 
0.001 transverse separation perpendicular separation 
0.005 perpendicular separation perpendicular separation 
0.01 perpendicular separation perpendicular separation 
0.05 perpendicular lamellae perpendicular lamellae 
0.1 perpendicular lamellae perpendicular lamellae 
0.5 perpendicular lamellae perpendicular lamellae 
1.0 disordered perpendicular lamellae 
 
Shear flow has been known to induce changes in lamellar orientation in block 
copolymers [146, 147]. However, such transition of domain orientation in immiscible 
polymer blends has not been observed in the past. It is also interesting to see lamellar 
structures under elongational flow for both immiscible blend systems – polymer blend 
and fluid molecular mixture. Similar structures for binary fluid systems have been 
obtained by previous studies under shear flow. For instance, Shou and Chakrabarti 
[124] used Cahn-Hilliard equation to model the phase separation of viscous fluid 
mixtures under shear flow in two-dimensions, and observed a lamellar structure in the 
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parallel direction. In another study, string-like structures oriented along the flow 
direction  were seen under high shear rate at steady state [118]. The absence of 
parallel lamellar morphology in our study is consistent with a previous study on block 
copolymers under elongational flow [131]. The continuous shrinking in y-direction 
and elongation in x-direction is expected to increase the unfavorable interfacial 
interaction between domains A and B if they were stacked parallel to each other (with 
the lamellae normal along the shrinking direction).  
To better understand the transition from phase-separated to lamellar/disordered 
morphology within immiscible polymer blends, we compared the estimated polymer 
relaxation time to the time scale associated with the critical elongational flow rates. 
The relaxation time (τR) of a polymer chain with ten beads was estimated to be 20 
MD units [148], which is comparable to the elongation timescale (τE ~ 1/  ) at the 
critical elongation rate (  = 0.05 MD units) of transition from phase separated to 
lamellar morphology. This suggests that the effect of elongation begins to dominate at 
  = 0.05, causing the rupture of domains during phase separation, thereby resulting in 
a lamellar-like multi-layer structure in polymer blends. Based on this hypothesis, one 
would expect the critical elongation rate to be higher for molecular fluid mixtures due 
to the smaller fluid particle relaxation time. Interestingly, as shown in Table 10, the 
critical elongation rate for the molecular fluid mixture is same as that of the polymer 
blend (  = 0.05 MD units). This can be better understood by monitoring the evolution 
of structure with time and will be addressed below. At very high elongation rates 
(beyond   = 0.05 MD units), such that the elongation timescale is much smaller than 
the polymer relaxation time scale, we observed a transition from lamellar structure to 
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disordered morphology. No such transition was seen in the molecular fluid mixture 
due to its short diffusion timescale.  
 
 
Figure 59- Concentration profiles of polymer A and B along z-axis for elongational 
rate of: a) 0.001, b) 0.005, c) 0.1, and d) 1.0. 
 
 
In Figure 59, we show the plots of concentration of polymers A and B along the z-
direction at steady state for various elongational flow rates. The concentrations of A 
and B remained largely constant at an elongation rate of 0.001 indicating that the 
polymers did not phase separate along the neutral z-direction. The concentration plots, 
however, do show a slight tendency to phase separate along the z-axis. On increasing 
the elongation rate to 0.005 in Figure 59b, we see a strongly segregated state of 
polymers A and B along the z-axis. Further increasing the rate to 0.1, a clear ordered 
lamellae structure can be seen (Figure 59c). Finally, at a rate of 1.0, the concentration 
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profile is uniform throughout the z-axis indicating a homogenous morphology.  These 
results confirm our previous visual observations in Figure 58.   
 
 
Figure 60- a) Mean squared end to end distance of polymer chains in x, y, and z 
directions and b) viscosity as a function of elongational rate. 
 
 
Figure 60a shows the mean squared end-to-end distance of polymer chains in x,y, and 
z directions as a function of elongation rate. At the lowest elongation rate studied, 
<R
2
(x)> , <R
2
(y)>, and  <R
2
(z)>  have comparable values indicating that the polymer 
chains were not deformed under the weak effect of elongation. <R
2
(x)> 
monotonically increased with elongation rate as expected due to the orientation of 
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chains along the flow axis while <R
2
(y)> initially increased, and then plateaued with 
increasing elongation rate. Alignment of polymer chains along the flow direction, as 
indicated by increasing <R
2
(x)>, enhances the interaction area between molecules, 
thereby reducing the free energy of the system [149, 150]. Consistent with the 
findings of Baig and coworkers [149, 150], <R
2
(x)>, in our study, exhibits a sharp 
increase at low elongation rates. At high elongation rates, the change in <R
2
(x)> is 
relatively slower due to enhanced molecular collisions inhibiting further chain 
elongation.  
Figure 60b shows the elongational viscosity of the system as a function of flow rate 
ranging from 0.01 to 0.5. A sudden drop in viscosity was seen at the critical 
elongation rate of 0.05. A more gradual decrease of viscosity was observed after the 
onset of morphology transition. During elongational flow, the chains align along the 
x-axis to reduce hydrodynamic resistance, which in turn reduces the material viscosity. 
Guo [145] observed a similar behavior in viscosity when studying shear induced 
orientation transition in an amphiphilic tetramer system. The transition from parallel 
to perpendicular lamellae was associated with a sudden sharp drop in viscosity. 
According to Guo, the low viscosity provided energetic reason for the transition of 
lamellar orientation. In our case, it is responsible for the morphology transition from 
phase separated to lamellar structure.  
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Figure 61- Time evolution of morphology of a polymer blend at the critical 
elongational rate of 0.05. 
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Figure 62- Time evolution of morphology of a simple fluid mixture at the critical 
elongational rate of 0.05. 
 
 
Finally, we studied the mechanism and kinetics of phase separation under 
elongational flow. Figures 61 and 62 show a comparison of morphology evolution 
(with time) for the two different material systems undergoing phase separation at an 
elongation rate of   = 0.05. We only show one domain in the simulation snapshots for 
the sake of clarity. As indicated in Table 10, both systems form perpendicular 
lamellar morphology at this elongation rate at steady state. For the polymer blend, an 
immediate deformation is seen and weakly segregated lamellar-like domains begin to 
develop at a very early stage in the XY plane (at time= 28.875 MD unit) suggesting 
the presence of a strong extensional and domain-rupturing effect of elongational flow. 
As time evolves, the domains simultaneously recombine to form larger aggregates 
(due to favorable energetic interactions) and break into smaller domains (due to 
elongation) until time = 182.875 MD unit, beyond which strongly segregated lamellar 
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layers are formed preventing any further inter-layer interaction or recombination. In 
contrast, no immediate flow effect is observed in the molecular fluid mixture possibly 
due to the short timescale of diffusion. Homogenous coarsening and growth of 
domains takes place till time = 67.375 MD unit. At this time, the aggregated domains 
are sufficiently large with slow diffusion, and therefore begin to see the effect of 
elongation along the XY plane resulting in the multi-layer lamellar-like structure. This 
difference in the mechanism of phase separation in the two material systems is 
potentially responsible for an equal critical elongation rate despite different relaxation 
times.  
 
Figure 63- Time evolution of domain size in z-axis under different elongational rates 
of: a) a polymer blend and b) a fluid mixture. 
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To quantify the time evolution, in Figure 63, we show a comparison of domain size 
vs. time in z-axis for both the polymer blend and the binary fluid mixture at various 
elongational flow rates. While no change in domain size is seen on increasing   from 
0.1 to 0.5 in the polymer blend, there is a domain size reduction at   = 0.5 in the 
binary fluid mixture. Note that both elongation rates correspond to steady state 
lamellar morphology. Shou and Chakrabarti [124] also found a similar reduction in 
the lamellar domain size at steady state with increasing shear rate in binary viscous 
mixtures. For all elongation rates, the binary fluid mixture reaches steady state 
structure faster than the polymer blend. Diffusion is expected to be much slower for 
polymer molecules than simple fluid molecules [151]. Thus the time scale for phase 
separation in the polymer blend is expected to be higher.  
 
Figure 64- Log-log plot of domain size in z-axis under different elongational rates of: 
a) a polymer blend and b) a fluid mixture. 
105 
 
 
 
 
A log-log plot (Figure 64) of domain size vs. time yielded a slope of close to 1/3 for 
the polymer blend for the elongation rates ranging from 0.005 to 0.1. The growth 
exponent for the molecular fluid mixture was not consistent for all elongation rates 
due to large fluctuations in the domain sizes during elongational flow. The 
fluctuations are possibly due to the fast kinetics of domain growth in the molecular 
fluid mixture, which results in a domain size comparable to the simulation box size 
itself within a short elapsed time. Nevertheless, it is clear that overall the growth 
exponent for binary fluid mixtures is much greater than 1/3 in the range of 0.5-0.6 due 
to faster diffusion. Based on the study by Ahmad et al [152], the diffusive regime (α= 
1/3) is the only regime expected for phase separating solid mixtures. For polymer and 
fluid mixtures in quiescent conditions, one expects a faster growth at larger length 
scales due to hydrodynamic effects. This has been confirmed by previous studies [153, 
154] where the growth followed the viscous or the inertial regime dynamics and 
diffusive regime was not seen.  The first clear observation of the diffusive regime in 
three-dimensional MD simulations has been shown by a recent study by Thakre et al 
[108] where they studied the phase separating fluid mixture at an elevated temperature 
close to the lower solution critical temperature. In our study, the temperature is much 
lower than the critical temperature [118, 154]. Therefore, a low growth exponent, α, 
of 1/3 for the polymer blend system in Figure 64a cannot be associated with the 
diffusive regime.  A slow growth in our polymer blend system under elongational is 
possibly due to the domain rupture under elongation resulting in slower kinetics of 
phase separation compared to quiescent systems. Moreover this growth exponent of 
1/3 in the neutral z-direction is close to the exponent of 0.3 (also in the neutral 
direction) found by Luo et al [123] for polymer blends under shear flow  As 
mentioned above, the domain growth in binary fluid mixture, yields an approximate 
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exponent of 0.5-0.6 for elongation rates from 0.005 to 0.1. Several studies, over the 
past few decades, on binary fluids (under no external flow) [108, 153] have attributed 
a growth exponent, α of 0.6 to the crossover between the diffusive and viscous 
regimes. However, owing to the fast kinetics of domain growth in the molecular fluid 
mixture, the domain size becomes comparable to the simulation box size itself within 
a very short elapsed time. As a result, the domain growth could not be investigated for 
long times. Further studies with larger simulation box are currently underway to better 
understand the effect of elongational flow on phase separation in binary fluid mixtures. 
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CHAPTER 7: CONCLUSIONS 
 
We report a facile method for obtaining extremely high surface area porous 
carbon nanofibers and their nano-architectured composites for supercapacitor 
application. Porous CNFs exhibit specific surface area of up to 1600 m
2
 g
-1
 by using 
the single-step carbonization without any chemical or physical activation process. We 
exhibit the tunability of the pore sizes within CNFs by varing the amount of Nafion. 
The non-woven fiber mats of porous CNFs are applied as electrode materials for 
electrochemical double layer capacitors (EDLCs) without the addition of polymeric 
binding agents. These free-standing electrodes provide a hierarchical structure with 
inter-fiber macropores for fast ions transport and intra-fiber meso/micropores for 
higher surface area/charge storage. Electrochemical measurements show large 
specific gravimetric and volumetric capacitances of up to 210 F g
-1
 and 60 F cm
-3
 in 1 
M H2SO4 at a high cyclic voltammetry scan rate of 100 mV s
-1
. We achieved an 
energy density of 4 Wh kg
−1
 at an extremely high power density of 20 kW kg
−1
. The 
hierarchical pore structure in fabricated materials allowed for faster diffusion kinetics 
resulting in high power handling capability. To further improve energy density, the 
samples were activated using potassium hydroxide (KOH) to increase specific surface 
area to over 2200 m
2
 g
-1
 and tested in ionic liquid electrolyte, 1-ethyl-3-
methylimidazolium bis(trifluoromethane sufonyl)imide (EMIMTFSI). The materials 
exhibited a specific capacitance of ~185 F g
-1
 with a 3.5 V voltage window resulting 
in an energy density of ~75 Wh/kg. To better understand the effect of activation on 
ion transport dynamics, we collaborated with Prof. Yossef Elabd for in-operando 
studies. In particular, we conducted molecular level measurements of ion dynamics of 
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIm-TFSI) IL in 
108 
 
 
 
 
an operating EDLC with freestanding carbon nanofibers using in operando infrared 
spectroelectrochemistry. We found that based on the surface chemistry of the CNFs, 
the ions show different behaviors.  This work revealed that the additional oxygen 
functional groups in activated nanofibers facilitated charge separation in the ionic 
liquid electrolyte, which, in part, is responsible for the enhanced charge storage 
capacity.  
To further enhance charge storage as well the volumetric performance, we 
incorporated pseudocapacitive polyanilene into porous carbon nanofiber mats with the 
aim to integrate the benefits of both electric double layer capacitors (high power, 
cyclability) and pseudocapacitors (high energy density). By using a galvanostatic 
electropolymerization method, we achieved a uniform and thin conformal coating of 
polyaniline on porous CNFs. The combination of two different storage mechanisms 
resulted in excellent specific capacitance of 365 F g
-1
, 140 F cm
-3
 and 1.7 F cm
2
 in 
50/50 (wt/wt) polyaniline/CNFs. The thin conformal coating of PANI reduces the 
diffusion length of ions during doping-dedoping process of polyaniline for stability 
and high energy density at high power rate. This is evident from the capacitance 
retention even at a high scan rate of 200 mV s
-1
. 
 We integrated our experimental work with molecular dynamics (MD) 
simulations to understand the effect of elongational flow, a key characteristic of 
electrospinning, on material structure. This work is motivated by the successful 
prevention of phase separation and formation of co-continuous structures within 
nanofibers of immiscible polymer blends of Nafion and PAN in our experimental 
system, possibly due to a combination of fast solvent evaporation and elongational 
deformation during electrospinning. This structure enabled us to successfully develop 
porous carbon nanofibers. The effect of elongational flow on phase separating binary 
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mixtures is first studied with MD simulation. The result shows an interesting 
formation of a perpendicular lamellae structure at intermediate elongational rate. 
Further increasing elongational rate leads to prevention of phase separation and 
formation of a disordered morphology. We also see a difference in the domain growth, 
R(t) ~ t
α
, between a polymer blend and a simple fluid mixture. A growth exponent of 
1/3 for the polymer blend and 0.6 for the fluid molecular mixture was found under 
elongation rates from 0.005 to 0.1. The higher growth exponent in the fluid mixture is 
a result of its faster diffusion time scale compared to that of polymer chains. 
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